AFRL-RV-PS- AFRL-RV-PS-
TR-2015-0116 TR-2015-0116

RADIO INTERFERENCE MODELING AND

PREDICTION FOR SATELLITE OPERATION
APPLICATIONS

Tien M. Nguyen, et al.

Department of Electrical Engineering and Computer Science
The Catholic University of America
Washington, DC 20064

25 Aug 2015

Final Report

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED.

AIR FORCE RESEARCH LABORATORY
Space Vehicles Directorate

3550 Aberdeen Ave SE

AIR FORCE MATERIEL COMMAND
KIRTLAND AIR FORCE BASE, NM 87117-5776




DTIC COPY
NOTICE AND SIGNATURE PAGE

Using Government drawings, specifications, or other data included in this document for
any purpose other than Government procurement does not in any way obligate the U.S.
Government. The fact that the Government formulated or supplied the drawings,
specifications, or other data does not license the holder or any other person or corporation;
or convey any rights or permission to manufacture, use, or sell any patented invention that
may relate to them.

This report is the result of contracted fundamental research deemed exempt from public affairs
security and policy review in accordance with SAF/AQR memorandum dated 10 Dec 08 and
AFRL/CA policy clarification memorandum dated 16 Jan 09. This report is available to the general
public, including foreign nationals. Copies may be obtained from the Defense Technical
Information Center (DTIC) (http://www.dtic.mil).

AFRL-RV-PS-TR-2015-0116 HAS BEEN REVIEWED AND IS APPROVED FOR
PUBLICATION IN ACCORDANCE WITH ASSIGNED DISTRIBUTION STATEMENT.

/ISIGNED// /ISIGNED//
STEVEN A. LANE PAUL HAUSGEN, Ph.D.
Program Manager Technical Advisor, Space Based Advanced Sensing

and Protection

/ISIGNED//

JOHN BEAUCHEMIN

Chief Engineer, Spacecraft Technology Division
Space Vehicles Directorate

This report is published in the interest of scientific and technical information exchange, and its
publication does not constitute the Government’s approval or disapproval of its ideas or findings.

Approved for public release; distribution is unlimited.



REPORT DOCUMENTATION PAGE oM N Do o168

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)

25-08-2015 Final Report 23 Sep 2014 to 24 Aug 2015

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
FA9453-14-1-0259

Radio Interference Modeling and Prediction for Satellite 5b. GRANT NUMBER

Operation Applications

5c. PROGRAM ELEMENT NUMBER

62601F
6. AUTHOR(S) 5d. PROJECT NUMBER
8809
Tien M. Nguyen, Hien Tran, Zhonghai Wang, Amanda Coons, ZiJian | 5e. TASKNUMBER
Mo, Genshe Chen, Charles C. Nguyen, Gang Wang PPM00019115
5f. WORK UNIT NUMBER
EF122748
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
Department of Electrical Engineering and Computer NUMBER
Science The Catholic University of America
Washington, DC 20064
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
Air Force Research Laboratory AFRL/RVSV
Space Vehicles Directorate 11. SPONSOR/MONITOR'S REPORT
3550 Aberdeen Ave SE NUMBER(S)

Kirtland AFB, NM 87117-5776

AFRL-RV-PS-TR-2015-0116

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

This report describes an innovative radio frequency interference evaluation and prediction
framework. This report presents associated modeling and prediction tools to: (1) detect the
presence of radio frequency interference using receiver’s synchronizer, (2) estimate the
radio frequency interference characteristics, (3) evaluate effectiveness of the existing
unified S-band command waveforms employed by civil, commercial and military satellite
operations ground stations, and (4) predict the impacts of radio frequency interference on
unified S-band command systems. The proposed framework and radio frequency interference
prediction tools allow a communication designer to estimate the optimum transmitted signal
power to maintain a required satellite operations quality-of-service in the presence of both
friendly and unfriendly radio frequency interference sources.

15. SUBJECT TERMS
space communication; satellite communication, satellite operations, radio
frequency interference

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES Steven A. Lane

a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include area

Unclassified | Unclassified | Unclassified Unlimited 138 code)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




(This page intentionally left blank)

Approved for public release; distribution is unlimited.


sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text

sandoval
Typewritten Text


TABLE OF CONTENTS

LIST OF FIGURES ...ttt ettt sttt et sb ettt e b eaees il
LIST OF TABLES ... .ottt ettt sttt ettt e e s e e se e st e eseenseeneesseenseeneas vi
I SUMMARY ettt ettt ettt e et e st et e et e e st e aeenseeseesseenseentenseenseeneenneennans 1
2 INTRODUCTION ....oiitiiiiiieteeteetestt ettt ettt et sttt ettt be et sate s bt et e eaeesbeebesseesaeennens 1
2.1  Description of Problems for RFI Detection and Prediction .............cccccveevcvveeniieeeieeenneen. 3
2.2 Impacts of RFI on Synchronization Loops Performance............cccccoevvuvievciieencieeeeieeeneen. 6
2.3 SCOPE OF BITOTt ..ttt ettt et 8
2.4 Organization Of REPOTt......ccuiiiiiiiiiiiecie ettt e eeaaeas 9
3 METHODS, ASSUMPTIONS, AND PROCEDURES.........ccccceeviiieiiieeeeeieeee e 10
3.1  Assessment of Existing RFI Tools and RFI Tool Selection............cccceveevierieneniennenne. 10
3.2 Framework for RFI Tool Development and RFI Assessment............ccceevveeeenveeenneennee. 12
3.2.1 Framework for RFI Detection and Prediction Tool Development ......................... 12
3.2.2  Framework for RFI Detection and Prediction ...........cccceecvevieienienennienienceeeee 13
3.2.3  Framework for RFI ASSESSMENt .........cocuiiiiiiiiiiiiieiiecieeee e 15
3.3 RFI Analytical and Simulation Model Development...........c.cccoceeverienirnicnienennieneenne. 16
3.3.1  Analytical Models for Unified S-band Waveforms............cccceeveriieneenieenieennnnnn 16
3.3.2  Analytical Models for RFI Signals ..........ccccooiiiiiiiiiiiieiecceece e 23
3.3.3  Simulation Models for the Second-Order Phase Locked Loop ........ccccevveeiiennnnne 24
3.3.4  Existing Carrier Acquisition Approaches .........ccceeevveeriiieiniieeniie e 29
3.3.5 Analytical Models for Assessing PLL Acquisition Performance in the Presence of
R ettt st ettt b e ettt sbe et ebt e bttt 37
3.3.6  Analytical Models for Assessing PLL Lock Detector ...........cccecveervieeniieenveeennnen. 42
3.3.7  Analytical Models for Assessing PLL Tracking Performance ............ccccoceeuenee 45
3.3.8 RFI Detection MOEIS.......cccuiiiiiiiiiiieiieeie e 50
3.3.9  USB Signal Estimation Models ...........ccccuieriiiiiiiiinieeeee e 53
3.3.10 RFI Signal Estimation and Prediction Models...........ccccceceeniriiniininninicneeniennne 66
3.3.11 USB Link Budget Models for Assessing SATOPS Performance............cc.cccoc...ee. 95
4 RESULTS AND DISCUSSION .....ootiiiiiieiteiesttee ettt see e ennens 100
4.1  RFI Detection and Prediction Model Integration............ccceecueevveriiienieecieeniesiieee 100
4.2 IFT SATCOM ToOl INtEIation ......cceeeueerieeiieeiieiie et eiie ettt et iee et 101
4.3  Verification and Validation of RFI Detection and Prediction Tools ........c...cceceennenne 106
5 CONCLUSIONS . ...ttt ettt et sb ettt ettt et esbeebeeane e 114

Approved for public release; distribution is unlimited.

i



6  RECOMMENDATIONS ..ot s
REFERENCES ...ttt sttt st et s
LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS .....cccoiiiiiiiiieneeeeeeeen

Approved for public release; distribution is unlimited.

il



LIST OF FIGURES

Figure 1. A Typical Satellite Control NetWork..........ccceoeeviirieniiiiiiiiniieierieeeieeee e 2
Figure 2. Typical Friendly RFI SCENArios...........ccceevuiriiniieiiirieniiiieeiesiteiesieeseee e 4
Figure 3. Definition of Interference Bandwidth and Corresponding CCI and ACI Scenarios........ 5
Figure 4. Notional Subcarrier Tracking Jitter Performance of PCM/PSM/PM without RFT ......... 7
Figure 5. Notional Subcarrier Tracking Jitter Performance of PCM/PSM/PM with RFI .............. 7
Figure 6. RFI Detection-Prediction Tool Development Framework ...........ccccoceveeveiiinienennene. 13
Figure 7. RFI Detection-Prediction Models Development Framework.............ccccoevcvveiiieeennenne 14
Figure 8. BER Performance Model for Predicting the Impacts of RFI on SATOPS Performance
..................................................................................................................................... 15
Figure 9. RFI Assessment FramewWork.........cccoooeviiiiiiiiiiiniiienieseeeeeeee e 16
Figure 10. PCM/PSK/PM Modulator-Transmitter Model............ccccovveriininiiniiniininiinicienene 17
Figure 11. PCM/Bi-Phase Modulator-Transmitter Model............ccccoceriiniiiiniiniininiinecienne 17
Figure 12. NRZ Data Format for PCM/PSK/PM-Sinewave Subcarrier............cccceeveveeneenuennnene. 19
Figure 13. Power Spectral Density for PCM/PSK/PM-Sinewave Subcarrier Waveform............ 19
Figure 14. Receiver-Demodulator for PCM/PSK/PM-Sinewave Subcarrier Waveform ............. 20
Figure 15. Bi-Phase Data Format Used By PCM/PM-Bi-Phase Waveform ............cccccoccevennene. 21
Figure 16. Power Spectral Density of PCM/PM/Bi-Phase Waveform...........ccocccovieniiininnenne. 21
Figure 17. Receiver-Demodulator for PCM/PM/Bi-Phase Waveform...........ccccccevieiiiininnennne. 22
Figure 18. Advanced Second-Order PLL Employed by NASA Spacecraft and Satellites........... 26
Figure 19. Recursive Implementation of F(z), B(z), K(z) and V(z) Using Bilinear Transformation
..................................................................................................................................... 26
Figure 20. Typical Second-Order PLL Employed by Civil and Commercial Satellites............... 29
Figure 21. Carrier Acquisition Approaches for USB SATOPS Systems .......ccccceceevuerveneeniennene 30
Figure 22. Carrier Frequency Acquisition Using Frequency Sweep Technique ...........ccccccueneee. 32

Figure 23. Minimum Sweep Rate and Probability of Lock as a Function of Receive Power ...... 33

Figure 24. Phase Acquisition Process of @ PLL..........coooiiiiiiiiiiiiiee e, 35

Figure 25. Typical Maximum Likelihood (ML) Phase Estimator ...........cccceccevveneineniencenennene. 36

Figure 26. Typical PLL Lock Detector Employed By Civil, Commercial and Military SATOPS
SALEILILES ...t 43

Approved for public release; distribution is unlimited.

il



Figure 27.
Figure 28.
Figure 29.

Figure 30.

Figure 31.

Figure 32.
Figure 33.
Figure 34.

Figure 35.

Figure 36.
Figure 37.
Figure 38.
Figure 39.
Figure 40.
Figure 41.
Figure 42.
Figure 43.
Figure 44.
Figure 45.
Figure 46.
Figure 47.
Figure 48.
Figure 49.
Figure 50.
Figure 51.

Proposed Framework and Algorithm for RFI Detection..........ccccceevcveeeiieenieeenneenee, 53
Linearized Model of Advanced NASA PLL Shown in Figure 18 for Tracking Mode56
Mathematical Framework and Algorithm to Incorporate PLL Tracking Error into USB
Signal Estimation MOdel............cocuieiiiiiiiiiiieiieiecie et e 56
Simulation Model for Incorporating Carrier Tracking Error into NASA Advanced

Second-Order PLL ........ccooiiiiie ettt 57

Simulation Model for Incorporating Carrier Tracking Error into Typical Type-I

Imperfect Integrator Second-Order PLL..........c.ccccieiiiiiiiiiiiiieieeeeeeee e 60
Tracking Phase Error as a Function of Time.........ccccovveeviieeiiieciiccee e 64
Difference of Tracking Error as a function of Time........cccoeoeeiiiiiiiniiiinienieeeee 64

Phase Plane Plot for a Typical PLL Using Type-I Imperfect Integrator for ISR = -15

AB ettt 65
Phase Plane Plot for a Typical PLL Using Type-I Imperfect Integrator for ISR = 25

B et bbbttt b et eae e 65
Block Diagram of the USB Carrier Signal Component Estimator..............c.cccueeunen..e. 66
Block Diagram for Extracting the CW RFI Signal from the Received Signal, R(%) ... 68
Block Diagram for CW RFI Estimation, Prediction and Detection Model................. 69
Block Diagram for CW RFI Signal Power Estimation ...........ccccceceevenviiniincnicnennnens 70
Block Diagram for CW RFI Frequency Estimation...........ccccceeevvieniiieeniiieenieecieenne, 75
Block Diagram for CW RFI Phase Estimation and RFI Detection..........c.cccocueeuneeee. 77

Receiver Operating Curve for the CW RFI Signal Detector Shown in Figure 41 ...... 78
Block Diagram for Extracting the WB RFI Signal from the Received Signal, Ryp(t) 79

Block Diagram for the WB RFI Estimation, Prediction and Detection Model........... 81
Block Diagram for the WB RFI Power Estimation...........cccccceeeviieniiieenciieeniee e, 82
Block Diagram for the WB RFI Signal Frequency Estimator............cccccoceeveniinennen. 85
Block Diagram for WB RFI Phase Estimation and RFI Detection...........cc.ccoccvenee. 88
Block Diagram for WB RFI Data Stream and Rata Rate Estimation............c.c.cc........ 90
Block Diagram for WB RFI Synchronizer............cccccviviiieiiiiiiiieie e 92
Block Diagram for WB RFI PSD and Data...........ccccooviiviieiiiiieieciceee e 93
RFI Modeling and Prediction Tool INtegration............ccceeeeereenerieneeninieneenieneenn 102

Approved for public release; distribution is unlimited.

v



Figure 52.
Figure 53.
Figure 54.
Figure 55.
Figure 56.
Figure 57.
Figure 58.
Figure 59.
Figure 60.
Figure 61.
Figure 62.

Figure 63.

Figure 64.

IFT SatComm Tool Integrated With RFI Prediction Results...........cccccccvvveevieennenn. 103
BER Performance With CW RFI or WB RFI and Imperfect Carrier Tracking Loop 104

Tracking Error Results Under No RFI and CW RFI or WB RFI Scenario............... 104
Acquisition Time Result Under CW RFI........cccccoiiiiiiiiiiiiieeceeeeee e, 105
Acquisition Time Result Under WB RFT........ccccooviiiiiiiie e, 106
Plots of Total Carrier Acquisition Times Versus Loop SNR Without RFI and With
CW REL ..ottt 107
Plots of Total Carrier Acquisition Times as Functions of Loop SNR Without RFI and
With WB RFTat ISR =-10dB ......ccoiiiiiiieeee e 108
Plots of Total Carrier Acquisition Times as Functions of Loop SNR Without RFI and
With CW RFLL...oooiiiiii et s 109
Plots of Total Carrier Acquisition Times as Functions of Loop SNR Without RFI and
With WB RFT at ISR =-40 dB ......cccoiiiiiieeee e 110
Plots of PLL Tracking Jitter in the Absence of RFI and Presence of CW and WB RFI

Signals as Functions of Loop SNR With AfRpr =5 HZ .eeoiiiiiiiii, 111
Plots of PLL Tracking Jitter in the Absence of RFI and Presence of CW and WB RFI

Signals as Functions of Loop SNR With Afrpr =10 HZ «..ooooiiiiiiii, 112
Plots of BER due to RFI for Both CW RFI and WB RFI Signals as Functions of Loop
SNR With fREI =5 HZu.eeoiiieee s 113
Plots of BER due to RFI for Both CW RFI and WB RFI Signals as Functions of Loop
SNR With fRer = 10 HZ...ooiiiie s 113

Approved for public release; distribution is unlimited.

\%



LIST OF TABLES

Table 1. Other Aerospace RFTTOOIS .......ccoiiiiiiiiiiiiiiiecieee e 12
Table 2. Typical Parameters for USB Waveform Acquisition and Tracking Modes.................... 22
Table 3. Carrier Modulation Mode (CMM) for SATOPS USB AcquiSition..........cccceeeeeveeennenne 29
Table 4. Typical Type-I Imperfect Integrator Employed By NASA PLL.......cooocvviiviiiiiiieeieee 63
Table 5. Rain Attenuation Loss in dB Calculated for 2GHz and 3 GHz ..........ccccooiviininiennnee. 98

Table 6. Signal Losses Due to Scintillation for 15° and 10° Elevation Angle at 2.06 GHz......... 98
Table 7. Signal Losses Due to Scintillation for 15° and 10° Elevation Angle at 1.8 GHz........... 98

Approved for public release; distribution is unlimited.

Vi



ACKNOWLEDGMENTS

This material is based on research sponsored by Air Force Research Laboratory under
agreement number FA9453-14-1-0259. The U.S. Government is authorized to reproduce and

distribute reprints for Governmental purposes notwithstanding any copyright notation thereon.

DISCLAIMER

The views and conclusions contained herein are those of the authors and should not be
interpreted as necessarily representing the official policies or endorsements, either expressed or

implied, of Air Force Research Laboratory or the U.S. Government.

Approved for public release; distribution is unlimited.

vii



(This page intentionally left blank)

Approved for public release; distribution is unlimited.

viii



1 SUMMARY

This report describes innovative radio frequency interference (RFI) evaluation and
prediction frameworks that incorporate effects of RFI on the satellite receiver synchronizers.
This report also presents associated RFI modeling and prediction tools to: (i) detect the presence
of RFI using the receiver’s synchronizer, (ii) estimate RFI characteristics, (iii) evaluate
effectiveness of the existing unified S-band (USB) command waveforms employed by civil,
commercial and military satellite operations ground stations, and (iv) predict the impacts of RFI
on USB command systems. The approach presented here would allow a communications
designer to characterize both friendly and unfriendly RFI sources, and evaluate the impacts of
RFT on civil, commercial, and military USB satellite operations systems. In addition, the
proposed frameworks and RFI prediction models would allow a designer to estimate the
optimum transmitted signal power required to maintain a USB satellite operational quality-of-

service (QoS) in the presence of both friendly and unfriendly RFI sources.

2 INTRODUCTION

SATOPS, which is defined as a satellite operation service provided by a satellite control
network (SCN), includes tracking, telemetry, and command (TT&C) services. Figure 1 illustrates
a typical civil, commercial, and military satellite control network. It contains the following
components:

e Ground Tracking Station (GTS): Usually located at a remote place with a clear view of

sky;

o Satellite Control Center (SCC): Provides support for the operation, control, and

maintenance of satellites - SCC executes TT&C operations;

e Network Control Center (NCC): Provides support for the scheduling, satellite network

configuration, and operation of SCC, GTS, and satellites; and
¢ Ground Communications Network (GCN): Supports data transfers among SCC, GTS,
and the NCC.
SATOPS is usually operating in L-band (1 — 2 GHz) or S-band (2 — 4 GHz) frequencies, where

there are many potential sources of radio frequency interference (RFI) to TT&C data links. We

have conducted a survey of RFI analysis tools and found that there are many RFI analysis tools
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available to analyze the impacts of RFI on SATOPS systems. However, most of RFI tools do not
consider the time-factor (TF) when calculating bit or carrier signal-to-noise ratio (SNR)
degradation due to interference. Some RFI tools incorporate the TF by incorporating the
SATOPS schedules along with interference protection criteria (IPC') to identify the blockage due
to RFI. These tools assume that RFI increases a receiver’s noise floor. None of these tools

consider the effects of RFI on the receiver’s synchronization loops.

SCN For SATOPS
Ranging (or Tracking) .
Link Command Link atellite
Network
Communications Control
scc Network Center
e— (NCC)
Legend:
SCC: Satellite Control Center

Figure 1. A Typical Satellite Control Network

This report describes an approach that will incorporate: (i) the receiver synchronization
loops, including carrier and subcarrier tracking, and symbol timing loops, and thereby evaluating
the interfering TF at the synchronization loop-level, (i1) statistical technique to estimate the type
of interference and predict its impact on the synchronization loops, and (iii) statistical techniques
to optimize the SNR of the transmitted TT&C signal to overcome the synchronization errors
caused by RFI sources. The focus is on the SATOPS using USB waveforms®.

Potential radio frequency (RF) sources that can cause interference to existing civil,

commercial, or military USB SATOPS systems can be classified into two categories:

"IPC is Interference Protection Criteria recommended by National Telecommunication and Information
Administration (NTIA) and International Telecommunication Union (ITU).

? USB waveforms are used by civil and commercial SATOPS systems operating in Unified S-Band frequencies.
Recently, U.S. Air Force has been making progress to migrate its SATOPS operations to USB.
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e Category I - friendly RFI sources: The sources are from friendly, unintentional

interference from satellite data links from neighboring orbiting satellites. This category
also includes friendly SATOPS tracking stations within the field-of-view (FOV) of the
victim’s SATCOM links. Friendly RFI sources can cause co-channel interference (CCI)
or adjacent channel interference (ACI), depending on the transmitting carrier
frequencies. Potential friendly RFI sources that are common for civil and commercial
personal communication systems include 3G wireless, 4G wireless, WiFi and WIMAX.

e (Category II - unfriendly RFI sources: These are caused by intentional jammers,

including:

o Classical jammer: A high power jamming signal transmitted with the intention to
shut down the entire USB SATOPS system operation or to significantly reduce
the efficiency of USB SATOPS data link throughput; and,

o Smart jammer: Purposed to monitor the USB SATOPS data links and inject weak
jamming signals in the channel with the intention to degrade the USB SATOPS
quality-of-service (QoS).

2.1  Description of Problems for RFI Detection and Prediction

Figure 2 illustrates typical friendly RFI scenarios for uplink and downlink, respectively.
The figure shows that potential RFI occurs when the victim receiver (on-board a satellite in the
case of an uplink or at the ground station in the case of a downlink) simultaneously collect power
from a desired signal source and other undesired interferers. Existing RFI analysis tools evaluate
the extent to which the victim receiver collects sufficient power from one or more interfering
links to degrade the performance below an acceptable interference protection criteria (IPC) level,
at which blockage occurs. The problems addressed in our work deal with the detection and

prediction of the RFI signals coming from both friendly and unfriendly sources.
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Interfering Satellite

N Teme

Victim Satellit
; atellite
Sate"m:': Orbits Satellite
/,.——" . v Orbits
Uplink Uplink
Beamwidth # 1 Beamwidth # 2

Victim
ol Uplink

Interfering
Ground Station #1

Interfering
Ground Station #2
Interferrer’s
Ground Station

(a) Uplink RFI Geometry (b) Downlink RFl Geometry

Figure 2. Typical Friendly RFI Scenarios

Our research developed a new RFI detection algorithm that would monitor the SATOPS

receiver’s synchronizer performance. The RFI detection algorithm assumes that the interfering

link must be operating and satisfy the following considerations:

1.

1l

Geometry Consideration: Victim receiver must be within the beamwidth (or field-of-

view) of an interferer’s transmitting antenna and, at the same time, the interferer must be
within the beamwidth of the victim receiver’s antenna.

Frequency Consideration: Any interfering link must have part or its entire signal power

spectrum within the victim receiver’s “interference bandwidth” (see Figure 3). Therefore,
the frequency separation between the victim and interfering receivers, and the spectral
spreading of the interfering signal, determines the contribution to the interference power.
Likewise, the victim receiver’s “interference bandwidth” is determined based on the
power spectral density (PSD) of the victim signal. The spectral spreading of the
interfering signal depends on its PSD, which in turn depends on its waveform, i.e., data

rate, coding and modulation scheme.
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iii.  Interfering Power Consideration: From the total interference power point-of-view, the

RFI effects from all the interfering links (friendly or unfriendly) must exceed the IPC to
declare that a potential RFI event is to occur. The IPC is usually derived from the
victim’s receiver operating threshold or obtained from national or international regulatory
bodies, such as NTIA (National Telecommunications and Information Administration),
FCC (Federal Communications Commission) or ITU (International Telecommunication
Union). Figure 3 describes the interference bandwidth and the corresponding CCI and
ACI scenarios.

iv.  Interfering Time Consideration: The effects from all the interfering links must be

sufficient from the time duration (i.e., time-factor (TF)) point-of-view to cause an
unacceptable degradation in victim receiver performance in order to declare an RFI event
has been detected. The TF will also be incorporated into the receiver’s synchronization
loop to ensure that the detected event is truly caused by an RFI source.

The RFI detection tool development and analysis framework described in this report will

incorporate the above four considerations for the interference links.

Figure 3. Definition of Interference Bandwidth and Corresponding CCI and ACI Scenarios

To predict RFI occurrence, the RFI analysis framework must also incorporate the four
considerations for the interference links. The total power coming from the interfering links must
exceed the IPC and stay within victim’s carrier tracking loop and symbol synchronizer loop
bandwidth long enough to force the synchronization loops out-of-lock. If the loops can re-

acquire and track the desired signal quickly, the operator may not declare an RFI occurrence.
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The interfering TF consideration is a complex issue. It deals with the carrier tracking loop

and the symbol synchronizer performance (also referred to as timing synchronization loop,

timing synchronizer, or timing recovery loop). In addition to the four considerations for the

detection problem, the following considerations must be incorporated in the RFI framework for

the prediction problem:

2.2

Carrier Tracking Performance Consideration: The interference signals have to exceed the

carrier threshold power level and stay within the carrier tracking loop bandwidth for a
certain time duration before the carrier loop drops lock and the carrier loop is unable to
re-acquire the carrier within a specified time window.

Sub-Carrier Tracking Performance Consideration: The interference signals have to

exceed the subcarrier threshold power level and stay within the subcarrier tracking loop
bandwidth for a certain time duration before the subcarrier loop drops lock and the
subcarrier loop is unable to re-acquire the subcarrier within a specified time window.

Symbol Timing Synchronization Performance Consideration: The interference signals

have to exceed the threshold symbol signal-to-noise ratio (SNR) level and stay within the
symbol synchronizer’s loop bandwidth for a certain time duration before the symbol
synchronizer drops lock and is not able to re-acquire the timing within a specified time
window.

Hop / De-Hop / Spread / De-Spread Consideration: For a victim receiver using a

waveform employing spread-spectrum or frequency-hopping techniques, the interfering
signals must stay within the spreading or hopping bandwidth long enough to cause the
de-spread or de-hop synchronizer to drop lock.

Impacts of RFI on Synchronization Loops Performance

This section elaborates on the synchronization loop performance considerations described

previously. Figure 4 and Figure 5 show a notional second-order Costas loop subcarrier tracking

the jitter performance of a unified S-band (USB) waveform, namely PCM / PSK / PM (Pulse

Code Modulation / Phase Shift Keying / Phase Modulation), in the absence of and presence of

RFI. Figure 4 shows that, in the absence of RFI, the subcarrier tracking jitter does not have a

break-point. It reaches a steady-state value around 1.2 degrees. On the other hand, Figure 5
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shows that the tracking jitter grows as RFI power increases. At a specific interference power that
exceeds the subcarrier power threshold level that corresponds to a threshold subcarrier tracking
jitter, e.g., 15 degrees, the tracking jitter grows logarithmically. When this happens, the
subcarrier tracking loop declares that an RFI event has occurred and the loop would be switched
from tracking mode to acquisition mode. The RFI framework must be developed to incorporate

this event.

- Second Order Costas Loop

- One sided Loop Bandwidth = 7Hz Jitter = 1.21°
vt [\"——Does Not Break ] :z[g?=0%8§8 8 (FbiNo = 4.0d5) (without RE)

1.a

1.2

Carrier Tracking Jitter

Legend:
USB = Unified S-Band

ISR = Interference-to-Signal Power Ratio
Pt/No = Carrier-to-Noise Power Spectral Density Ratio

o 1000000 2000000 3000000 4000000 5000000 6000000 7000000

1.0

0.6

0.4

0.2

Normalized Time Step (unit-less)

Figure 4. Notional Subcarrier Tracking Jitter Performance of PCM/PSM/PM without RFI
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Figure 5. Notional Subcarrier Tracking Jitter Performance of PCM/PSM/PM with RFI
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2.3

Scope of Effort

The objective for this research effort was three-fold:

1. Investigate radio frequency interference and the effects that it has on wireless
communication systems, both private and commercial, both terrestrial and for
satellite communications;

2. Develop RFI tools that can detect sources of interference, predict the effects
of multiple sources at different frequencies, and allow evaluation of the
impact to operational systems; and

3. As afirst-order exercise of the tools, consider satellite operation (SATOPS)

systems employed by civil and commercial unified S-band waveforms.

Our work focused on USB waveforms employed by private and commercial service providers to

support military and commercial SATOPS applications. To achieve this objective, the following

tasks were performed and completed during the period-of-performance for this effort:

1.

11.

1il.

1v.

V.

Task #1: The Catholic University of America (CUA) conducted an assessment of existing
RFI tools related to SATCOM and SATOPS and then selected an RFI tool that could
accurately address geometry considerations, frequency considerations, and power
considerations. North Carolina State University (NCSU), CUA’s subcontractor, provided
support for this task.

Task #2: CUA developed a framework for RFI tool development applicable to both
satellite communications and satellite operations.

Task #3: CUA developed analytical and simulation models to accurately address
interfering time duration for satellite operation applications. The focus of this task was on
the civil and commercial SATOPS USB waveforms.

Task #4: CUA integrated the analytical and simulation models developed in Task 3 with
the RFI tool selected in Task 1. A beta version of the RFI tool for USB waveforms was
completed.

Task #5: CUA integrated the model developed in Task 4 into existing Intelligent Fusion
Technology (IFT, a sub-contractor) SATCOM tools to display the RFI prediction and

detection results. IFT provided integration and Matlab simulation support for this task.
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Task #6: CUA investigated verification and validation approaches for the RFI detection
and prediction tools, and provided recommendations for experimentally validating the

modeling and assessment tools.

Organization of Report

This report is organized as follow:

e Section 3.1 provides a summary of the results found in Task #1. Key results from the
survey of existing RFI analysis tools are presented.

e Section 3.2 describes the framework for the RFI tools developed in Task #2. This
section presents the proposed innovative framework for developing analytical and
simulation tools to: (a) predict the characteristics of RFI sources, and (b) evaluate
impacts of RFI to USB SATOPS systems. The framework is applicable to both
satellite communications and satellite operations.

e Section 3.3 presents the analytical and simulation models developed in Task #3.
These models can accurately predict the interfering time duration for the SATOPS
applications. As mentioned earlier, the focus of this section is on the civil and
commercial SATOPS USB waveforms.

e Section 4.1 discusses the integration results obtained in Task #4. This section
describes how the analytical and simulation models presented in Section 3.3 were
integrated with the RFI tool selected in Section 3.1.

e Section 4.2 describes the integration results obtained in Task #5. This section
discusses how the model was ported into existing IFT (Intelligent Fusion Technology,
Inc) SATCOM tools to display the RFI detection and prediction results.

e Section 4.3 presents the investigation results found in Task #6. This section presents
the numerical results obtained from the analytical and simulation models presented in
Section 3.3, and discusses the verification and validation approaches of these models
for the RFI detection and prediction tools presented in Section 4.1.

e Section 5 and Section 6 summarize the work and discusses future studies. In addition,
this section also provides recommendations for experimentally validating the

modeling and assessment tools.
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3 METHODS, ASSUMPTIONS, AND PROCEDURES
3.1  Assessment of Existing RFI Tools and RFI Tool Selection

A thorough survey was conducted of existing RFI analysis tools available in the public
domain. As listed below, many RFI analysis software tools are available to analyze the impacts
of RFI on digital communication systems. As pointed out earlier, most of these RFI analysis
tools do not consider the time-factor (TF) when calculating the bit or carrier signal to noise
degradation due to interference. These tools assume that the RFI power simply increases the
receiver’s noise floor and adds to the amount of interference power collected by a victim’s
receiver. However, some RFI analysis tools did consider the TF by incorporating the SATCOM
and SATOPS schedules along with the Interference Protection Criteria (IPC) (recommended by
NTIA and/or ITU) to identify the blockage (i.e., outage) due to RFI, but these tools also assumed
that the RFI power causes an increase in the receiver noise floor. None of these tools considered
the effects of the RFI on the synchronization loops, including de-spreading loop, de-hop loop,
carrier tracking, and timing loop, and incorporating the TF at the synchronization loop-level.
Below is a list of the existing RFI tools and their associated capabilities.

e JPL Enhanced Spectral Analysis Tool for RFI Analysis and Spectrum Management:

Provides predictors of signal / interference / filters / spikes, power spectrum plots,
calculations for spectral power, telecommunication link budget tables and interference
analysis tables, configuration menu for the analysis table that contains options on
antenna, amplifier, and receiver for ground terminal characterization.

e NTIA Spectrum / Orbit Utilization Program for Interference Analysis of Geostationary

Communication Satellites: This tool calculates interference and computes the

communication impacts of that interference, including: (i) the feeder link carrier-to-
interference ratio (C/I) is calculated at each satellite, and (ii) at each earth station the
downlink C/I is calculated, taking into account interference from all other satellites in the
geostationary orbit.

e AGTI’s Systems Tool Kit (STK) for RFI Analysis: STK models satellite dynamics and RF

propagation, communication link budget, avoidance, interference and jamming in

dynamic “real-world” scenarios.
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JPL Interference Analysis Program: The tool is used to select the radio frequencies that

would be used for uplink and downlink communications with the objective of avoiding or
minimizing the possibility of RFI between existing and planned missions.

Lincom LinCsim (acquired by Titan on January 31, 2000; Titan was later acquired by L-3

Communications on June 3, 2005): Analytical simulation package provides modeling of
RFT effects on bit error rate performance including detailed models for the space shuttle
and Tracking and Data Relay Satellite System (TDRSS) links.

The Aerospace Corporation Web-based Tool for Analyzing Effects of RFI on Satellite

Communication Systems: The tool can calculate the: (i) interfering frequency factor (the

fraction of the wave that is within the victim’s beamwidth) on a victim satellite, (ii)
interfering satellite attributes including altitude, inclination, earth center inertial longitude
and orbit phase for multiple constellations with multiple satellites, and (iii) mean and
variance of RFI durations and outputs the times at which RFI occurs and which satellite
and ground stations are involved.

The Aerospace Corporation RFI Tool for Analyzing IMT-2000 Interference With DOD

Satellites: The tool uses Satellite Orbit Analysis Program (SOAP) to generate temporal
latitude/ longitude profiles for orbiting satellites and calculate interference power density
using: (1) different contributions from base stations in rural areas and cities, (i1) ITU
propagation path loss and base station antenna model, (ii1) NTIA traffic models for IMT-
2000 (derived from ITU models), (iv) parameterized percentage of IMT-2000 land
coverage, region classification, and traffic environment mixes for cities and rural areas,
(v) communications link calculation models for CDMA-2000 and W-CDMA, and (vi)
actual geometry to be considered in computing base station effective isotropic radiated

power (EIRP), space loss, and atmospheric loss.

In addition to the RFI analysis tools described above, we are also aware of other RFI tools that
were developed by the Aerospace Corporation in the mid-2000’s for both commercial and
military applications. Table 1 summarizes these RFI tools. The RFI approaches used by these
tools were similar to the above tools and did not include the time-factor using synchronization
loops. This effort leveraged the Aerospace Corporation Web-based Tool described above for

incorporating the RFI detection and prediction framework and models to assess the impacts of
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RFI on SATOPS USB systems. The newly developed RFI analysis tool incorporats the effects of
the carrier synchronizer loop in assessing the impacts of RFI on SATOPS USB system:s.

Table 1. Other Aerospace RFI Tools

SW Tool Analysis Performed Task/Program
GMSK/QPSK with pulsed RFI ICO/Teledesic

ACI for combinations of QPSK, 8PSK | Gapfiller
SPW (Signal |and 16QAM

Processing
Workstation) | GMSK with a variety of jammers AEHF

QPSK with single-tone jammer GBS
Baseband filtering of SGLS to reduce

out-of-band emissions, and SGLS AFSCN
interference to PCS

FORTRAN
and C Uplink interference in USB SGLS Migration to
Programs USB Study

3.2 Framework for RFI Tool Development and RFI Assessment

This section describes the framework for: (i) RFI tool development, (ii) RFI detection and

prediction, and (iii) RFI assessment, respectively.

3.2.1 Framework for RFI Detection and Prediction Tool Development

Figure 6 illustrates a framework for the development of required analytical and
simulation tools for detecting and predicting RFI sources. The framework is color-coded to show
the models and tools developed under this effort and the status of the tool development. Each
block in Figure 6 represents a model, which can be an analytical model or a simulation model,
required for the detection and prediction of RFI sources. The analytical and simulation models
were developed and integrated according to the proposed framework, and implemented in
Matlab to provide an RFI detection and prediction tool for assessing the impacts of RFI on
SATOPS systems. The blocks labeled “Completed” means that a model was developed and
implemented in Matlab. The lighter blue boxes indicate models of interest for this phase of the
study. The darker blue boxes indicate that the models would be developed when time permitted,

and the darkest blue boxes indicate the models are to be developed in the next phase of this
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effort. As illustrated in Figure 6, the focus of this study was on two USB command waveforms,
namely, PCM/PSK/PM (pulse code modulation, phase shift keying, phase modulation) and
PCM/PM/Bi-Phase (pulse code modulation, phase modulation, bi-phase) [1,2]. Section 3.3
describes the models labeled “Completed”.

Color Code
- Focus of this Phase

Completed - When Time Permits Y
PCM/PSK/PM [ [T ( etection &
. Prediction
Develop USB Signal Model Completed Models
s Completed
Signal Models Completed AWDGeI\\/leI:/Tc‘))deI Develop USB an_(;rder
Completed PCM/PM/Bi- Carrier Loop PLL
Phase Signal S@t) Model
Model Develop USB
Subcarrier 27-Order
Completed \\J \_L/ Loop Model Costas Loop
Narrow band Devolop USB
CW RFI
= Timing 2nd-Order
Develop RFI Wide Band Recovery DTTL

Signal Models RFI Loop Model
C leted
Completed homﬂe = BER Performance Model Completed
Pulsed RFI

Imperfect
Completed Combined Impe!‘fect Imperfe.ct per
— " - Timing | Subcarrier | Carrier
DTTL = Digital Transition Tracking loop Model Model

AWGN = Additive White Gaussian Noise Model Model

Figure 6. RFI Detection-Prediction Tool Development Framework

3.2.2 Framework for RFI Detection and Prediction

As mentioned, the focus of this effort was modeling of RFI detection and estimation for
the carrier synchronization loop. Figure 7 illustrates a framework for the development of RFI
detection and prediction models. The framework describes the analytical and simulation models
required for the detection and prediction of the RFI sources using existing USB carrier tracking
loops. As indicated in this figure, the carrier synchronizer loop is a second-order phase locked
loop (PLL). The framework also describes an algorithm to integrate these analytical and
simulation models for detecting and characterizing RFI sources that can be used for mitigating

the interference effects on the bit error rate (BER) performance of the USB SATOPS systems.
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Section 3.3 provides a detailed description of the required analytical and simulation models

labeled as “Completed”.

/ Completed Switch to
Acquisition Mode
Star}a 2nd-Order

Digital PLL

Assume
PLL Starts USB Signal
at Tracking PLL Lock -of- i w1 2 BER thi Estima?ion
Mode Detector 1 Model

Comglleted

Completed Completed

Completed
BER Performance Model "\ Completed R!Fl
:qo-’- (mpeHeet Chara':::elristics ESﬁm?ti(.m e
%_ Carrier Characterized Pr’adlgtlfn
g Model lerel
O RFI Detection & Prediction Models for USB Carrier Loo
2 Digital

PLL Model ’End

Figure 7. RFI Detection-Prediction Models Development Framework

The block entitled “BER Performance Model”, shown in Figure 7, is used to predict the
BER performance degradation due to the presence of RFI and is further expanded and illustrated
in Figure 8. This model was used for predicting the bit SNR performance degradation due to RFI
for the specified quality-of-service (QoS) in terms of the BER. The predicted SNR degradation
included the effects of the imperfect carrier tracking due to additive white Gaussian noise

(AWGN) and RFI, and the receiver noise floor raised by the RFI power.
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Required QoS:
Specify
Command BER

Ideal Command
BER Performance
Model with Perfect

Carrier Sync

RFI Signal
Characteristics

Command BER
2nd Digital Performance
PLL Model Degradation Model
Due to RFI

Predicted
Command BER
Performance

QoS = Quality of Service
BER = Bit Error Rate
SNR = Signal-to-Noise Power Ration

Estimated
Command Bit SNR
Degradation

Figure 8. BER Performance Model for Predicting the Impacts of RFI on SATOPS

Performance

3.2.3 Framework for RFI Assessment

Finally, a framework for assessing RFI impacts on overall performance of the SATOPS

USB system is presented in Figure 9. Using the bit SNR degradation found from the “BER

Performance Model”, this framework describes a process to overcome the effects of RFI by

increasing the transmitted SATOPS signal power.
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Switch to
Acquisition Mode

USB Signal
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Imperfect

RFI
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RFI
Characteristics

Carrier
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RFI Detection & Prediction Models for USB Carrier Loo

2n Digital
PLL Model J

USB Link Budget Satellite Orbital

Estimated Model Dynamic Model
Command

Bit SNR
Degradation

Predict Optimum

Impact of RFI on : .
Transmitted Signal
Required QoS: USB Command Power to Main?ain

Specify Performance Required QoS
Command BER

RFI Assessment Framework

Figure 9. RFI Assessment Framework

3.3  RFI Analytical and Simulation Model Development

This section provides a detailed description of the required analytical/simulation models

shown in Figure 6, Figure 7, Figure 8 and Figure 9.

3.3.1 Analytical Models for Unified S-band Waveforms

As described earlier, the PCM/PSK/PM and PCM/PM/Bi-Phase waveforms were the
focus of this study. Simplified modulator and transmitter models for these two waveforms are
presented in Figure 10 and Figure 11, respectively. For PCM/PSK/PM-Sinewave Subcarrier
waveform, the NRZ (Non-Return-to-Zero) command data is PSK modulated on the subcarrier,

with subcarrier frequency, fs., set at 8 kHz when the command bit rate is less than 2 kbps, and at
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16 kHz when the bit rate is between 2 kbps and 4 kbps. The modulated command subcarrier is
then phase-modulated on the carrier frequency, f.. The uplink command (or tele-command) S-
band carrier frequency is selected between 2025 MHz and 2125 MHz. The PCM/PM/Bi-Phase
waveform is used when the command data rate is greater than 4 kbps. For this waveform, the
NRZ command data is converted to bi-phase data format and then phase modulated on the
command S-band carrier frequency. The modulation index, m, for these two waveforms is
selected to ensure proper power is allocated to the carrier signal component and command signal
component to achieve predefined carrier and command margins [3]. Margin is defined as the
difference between the required signal power and received signal power. A detailed description

of this waveform is given below.

Simplified PCM/PSK/PM Modulator/Transmitter Model I(r)  R(1)

R, =R, =Bitratein bps (t) @/
NRZ Command ® ® Phase High.Power Al_ i
Data Source Modulator Amplifier (HPA)
R, <2 Kkbps for 8 kHz
R, <4 kbps for 16 kHz SIN27/. 1))  m 2P, sin(2m, 1))

0.1rad<m<1.4Rad
f..=8kHzor16 kHz

Uplink (Earth - to - Space) : 2025MHz < f, <2125MHz

Figure 10. PCM/PSK/PM Modulator-Transmitter Model

Simplified PCM/PM/Bi-Phase Modulator/Transmitter Model I(t) R(@)
R, =R, =Bitratein bps Sy (1) @/'
NRZ Command NRZ-to-Bi-Phase ® Phase High Power AT
Data Source Converter Modulator Amplifier (HPA) n(t)
R, >4 Kkbps

m
0.1rad<m<1.0Rad

Note that for the USB Downlink (Space - to - Earth) : / 2PT Sin(Zth 1))
C
2200 MHz< f, <2290 MHz

Figure 11. PCM/Bi-Phase Modulator-Transmitter Model
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Analytical and simulation models and tools are required to detect and predict the RFI
signal characteristics in the presence of these two USB waveforms, and to assess the impacts of
RFI on these two waveforms. Using the USB command modulator/transmitter models presented
in Figure 10 and Figure 11, a high-level framework for the RFI detection-prediction tools
development is described in Figure 6. Figure 6 describes the required USB signal, noise and
interference models to detect and predict the RFI signals in the presence of the two USB signals.
As indicated earlier, Figure 6 is color-coded to show that the “USB Carrier Loop Model” and

“Imperfect Carrier Model” are the focus for this phase of the research.

3.3.1.1 PCM/PSK/PM Sine Wave Subcarrier Waveform

The mathematical expression for the PCM/PSK/PM-sine-wave subcarrier is defined

by:
1)

where

Pt = total transmitted power,

fc = transmitted carrier frequency (Hz),

m = command modulation index in radians,

d(t) = NRZ command data with symbol rate Rs, and

fsc = command subcarrier frequency (Hz).

Figure 12 illustrates the NRZ data format used by the PCM/PSK/PM-sine-wave
subcarrier waveform. As shown in this figure, the data format is a non-return-to-zero (NRZ)
format. Figure 13 shows the power spectral density (PSD) of the PCM/PSK/PM-sine-wave
subcarrier waveform. The subcarrier is used to separate the carrier component and the data
component. When the subcarrier frequency to bit rate ratio, n, is larger (i.e., n > 4), the

interference from the data component to the carrier tracking loop can be neglected.

Approved for public release; distribution is unlimited.

18



NRZ-Level or NRZ Data Format

R, =R, =Bitratein bps

T, =T, = Bit duration in second

Figure 12. NRZ Data Format for PCM/PSK/PM-Sinewave Subcarrier

PCM/PSK/PM Power Spectral Density

| | 1 |
HGR, 1R, W, AR, oRg oy ORg Mg 12 1o

[ =9R

Figure 13. Power Spectral Density for PCM/PSK/PM-Sinewave Subcarrier Waveform

The receiver-demodulator for the PCM/PSK/PM-sine-wave subcarrier waveform is

shown in Figure 14. This figure is also color-coded to show that the focus of this study is on the

carrier synchronizer loop. This report focused on the acquisition and tracking performance of the

carrier PLL in the presence of RFI sources.
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|:|ms(2 _— PCM/PSK/PM Sinewave subcarrier

LNA
—l 10.24 MHz Center Frequency 8 or 16 KHz Center Frequency
/ Data Bit Error
RF BPF IF BPF Rate
R(l‘) Detector (BER)

A

10.24 MHz
Reference

10.24 MHZ Center Frequency

Carrier Loop Subcarrier Timing

—1 Phase Locked- Loop I';‘_:_:_E
Loop (PLL) (Costas Loop) ( )

1 : |

Acquisition
Linear Sweep

Threshold | Threshold _ Threshold Acquisition
Detector Detector Detector Time
Color Code
Focus of this Phase Acronym:

LNA = Low Noise Amplifier

RF = Radio Frequency

BPF = Band-Pass Filter

IF = Intermediate Frequency

Next Phase DTTL = Digital Data Transition Tracking Loop

When Time Permits
(Likely to postpone
to next phase)

Figure 14. Receiver-Demodulator for PCM/PSK/PM-Sinewave Subcarrier Waveform

3.3.1.2 PCM/PM/Bi-phase Waveform

Figure 15 illustrates the bi-phase data format used by the PCM/PM/Bi-Phase waveform.
The mathematical expression for the PCM/PM/Bi-Phase is defined by [1]:

S,(6)= 2P, cos(2af.t + md,(1)) @)

where d4(t) is the bi-phase command data with symbol rate, R;, or bit rate, R;. Figure 16 shows
the PSD of the PCM/PM-Bi-Phase waveform. The spectral null created by using the bi-phase
data format allows the communication designer to insert the carrier component into the
waveform. When the command data rate is greater than or equal to 4 kbps, the spectral null
becomes “flat” and causes negligible degradation to the carrier PLL performance. The receiver-
demodulator for the PCM/PM-Bi-Phase waveform is shown in Figure 17. Similarly, this figure is
color-coded to illustrate that the focus of this study is on the carrier synchronizer loop. Table 2

shows acquisition and tracking typical parameters used by the SATOPS USB receiver-
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demodulator for acquisition and tracking of the carrier, subcarrier, and timing of the received

waveforms.

NRZ-Level or NRZ Data Format

Bi-Phase or Split-Phase Data Format

R, =R, =Bitratein bps
T, =T, = Bit duration in second

Figure 15. Bi-Phase Data Format Used By PCM/PM-Bi-Phase Waveform

PCM/PSK/Bi-Phase Power Spectral Density

|,
Ry R, -OR TR, bR, OAs

fe

Figure 16. Power Spectral Density of PCM/PM/Bi-Phase Waveform
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LNA

Cos(27f,,,. 1)

&

10.24 MHz Center Frequency

PCM/PM/Bi-phase

c0s(27f,,;, 1)
foe »=10.24MHz

Data
Detector

Bit Error
Rate
(BER)

A

RF BPF IF BPF
R(1) §§
10.24 MHz
Reference
10.24 MHZz Center Frequency
poauiiion | | Carrier Loop
Li S .
inear Sweep Loop (PLL)
i
|
Threshold | Threshold
Detector Detector
Color Code Acronym:

- Focus of this Phase
- When Time Permits
- Next Phase

LNA = Low Noise Amplifire
RF = Radio Frequency

BPF = Band-Pass Filter

IF = Intermediate Frequency

DTTL = Digital Data Transition Tracking Loop

Acquisition
Time

Figure 17. Receiver-Demodulator for PCM/PM/Bi-Phase Waveform

Table 2. Typical Parameters for USB Waveform Acquisition and Tracking Modes

Tracking Mode

Carrier Recovery Loop (PLL)
— Loop Bandwidth (B;): 10 - 400 Hz
- BT, < 0.1

SubCarrier Recovery Loop (Costas)
— Loop Bandwidth: 100 - 400 Hz
— Damping factor: 1/sqrt(2)
- BT, < 0.1

Timing Recovery Loop (DTTL)
— Loop Bandwidth: 10 - 20 Hz
— Damping factor: 1/sqrt(2)
- BT, < 0.1

Acquisition Mode

» Carrier
— Acquisition Loop Bandwidth:
* Biag = Doppler Frequency
— Linear Sweep of + 55 kHz
* 12.18 seconds (duration)
— Lock Detector Integration time
~ 300 symbols
* Sub-Carrier
— Lock Detector Integration time
~ 256 symbols
* Timing
— Lock Detector Integration time
~ 400 symbols
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3.3.2 Analytical Models for RFI Signals

The received signal at the SATOPS USB receiver-demodulator can be characterized by:
R(t) = S(t) + I1(t) + n(t), (3)
where n(t) is the average white Gaussian noise with one-sided power spectral density, Ny. S(?) is

the received USB signal of interest. For PCM/PSK/PM-sine-wave subcarrier, it is given by:
S(t)=a 2P, cosr(f, + f,)t+md(t)sin(27f, t)+6.))
S(6) = a\2P, [exp (jQ2z(f, + £t + 6, ) exp(j(md (1) sin2f 1))

S(t) = Real{sit)}
, 4)

where
fa=Doppler shift due to satellite movement,
6. = received carrier phase shift of the desired signal, and

a = channel gain factor.

1(?) is the RFI signal received at the SATOPS USB receiver-demodulator, and it is

defined as:
1(t) = 2P d, (t)cosx(f, + M)t + 6,)
d,6)= S 1,.p(t—nT, - 7),
n=—co )
where

P;=RFI power,

Af. = RFI frequency offset from the desired carrier frequency, 1., and

0, = RFI phase.
Here, I, and p(t) characterize the type of RFI. The RFI signal can be rewritten in the following
form:

I(t) = /2Prd;(¢) Re[exp(j2n(f, + Af)t + 6))], (6)

with 7, the RFI data sequence, p(?) the RFI unit amplitude rectangular pulse of duration, 77, and t
the time asynchronization of the RFI with respect to the desired signal, s(?). RFI signals can be
classified into: (1) narrowband RFI or continuous wave (CW) RFI, (2) wideband RFI, and (3)
pulsed RFI. For narrowband RFI, 7, = 1 and 7; = 0. For wideband RFI, 7, is an independent and

identically distributed sequence taking on equiprobable values of +1, with
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1
T =T, =1 (7

which is the bit duration of the desired signal in seconds. For pulsed RFI, 7, = 1 during 77 and 7,
= 0 during Tpgrr — T}, where T is the RFI pulse duration in seconds, and PRF is the pulse

repetition frequency.

3.3.3 Simulation Models for the Second-Order Phase Locked Loop

A typical analog PLL model used by advanced NASA spacecraft and satellite is shown in
Figure 18. This PLL has advanced features to cut-out the loop noise and smoothing the tracking
phase error for improved carrier tracking performance. These two features are characterized by
the low-pass filter B(s) and phase smoother V(s) shown in Figure 18, in addition to existing loop
filter F'(s) and VCO filter K(s). Figure 18 also describes the characteristics of the filters. Figure
19 describes the digital modeling of the advanced second-order PLL shown in Figure 18 [4]. The
figure shows detailed description of the filter coefficients. The digital closed-loop transfer
function of the digital filters shown in Figure 19 is defined as [4]:

AK [B(Z)F(2)V(Z)K(Z)]

H(Z) = 1+ AK [B(Z)F(Z)V(Z)K(Z)] ) ()

The one-sided loop noise bandwidth is given by:

1 _1 i{
|1Z]=1 (9)

Substituting (8) into (9), one obtains:
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Bry = [ 1 ] [ apboQo — aoB1G1 + aoB2Q2 — a0 B3Q3 + BalQs
DL = 3
ao{(ag

2Ts H2(1) ~ a3)Qo — (aoay — azas)Q1 + (apaz — a2a4)Q2 — (agas — a1as)Qs}
where
Bo = b + b2 + b3 + b3 +b3; By = 2(boby + biby + babs + bsbs)
By = 2(bobs + b1bs + baby); Bs = 2(bobs + b1bs); By = 2boby
Qo = agereq — apaaez + as(are2 — eaeq); Q1 = apareq — agaaaa + as{araz — azeq)
Q2 = apases — agaze; + as(azes — asen); Qs = ar(arez — ezes) — az(are; — ases) + as(ereq — ages)
Q4 = ao [e2(a1as — aoaz) + es(af — a3)] + (e — ed)[a1(a1 — a3) + (a0 — as)(e4 — a3)]
ey =ap+ay; ez =a; +as; ez =az+ay
€4 =0ap+ a4, €5 = ag+ az + ag (10)
with

a9 = 2FsA1oAn + AK Ao; a1 = 2Fs(AioAnoAs + Ao A1 Ay — A An By — A11 Ay Ar) + AK(34p - By)
ay = 2Fs A (Ao Aot — AaAn) + 2Fs Bi(AwAn — AnAoo — AnAnr) + 3AK(Aq - Bo)
a3 = 2Fs By Ao Aro — Aoz Aoo + AgAn) = 2Fs Ay Agr Aoo + AK (Ao - 3Bo); a4 =2FsBAj0An — AKBg
by = AK Ay; by = AK (340 — Bo); by = SAK (Ao — 3Bo)

by = AK(Ag—3By); b4 =—-AKB
3 (Aq 0); ba 0 (11)
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I+17,8
- . 7 F()=B(s)F(s)V(s)=—L——
AK =loop gain =24 x 10 Improve LPF Function ) =B@FEV () 1470+ T0p8” + 70387
To cut-out Loop Noise
where

Toy =T, +The 7,

Tey =Trci ¥ 0T, T TpcT,

Tey = TreliTy
Lt
(14 rrcS)

The = 1.6 x 107°

B(S) =

Imperfect Integrator loop filter Type I:
_ 14 1S

1 +7nS

T = 4707, 5 = 0.0442

v =10x10"°

Phase Smoother

F(S)

1

V) = s

K(S) = _;,

Figure 18. Advanced Second-Order PLL Employed by NASA Spacecraft and Satellites

_Ts(Z2+1)
K@) = 2Z-1)
1
T, =Sampling time in sec = — )
FS INPUT — ‘2—5 ' - @ QUTPUT
Hz ¥

OUTRUT . = Sampling frequency in

Ag=14a,, Ay =1+by, By=ap—1, By=by—1

B(Z) = (1+z™" Ag =1-—Co, Anr =1+Co V()= '(1+Z*')
= (ApnZ-14 An) A(](]z—] s
_ 27mre 2712 2n

C'n—-—j?,ﬂu=ﬁ, 0= (d)

OUTPUT

OUTPUT

4y =1-C,, 4,0 =1-C,,

Figure 19. Recursive Implementation of F(z), B(z), K(z) and V(z) Using Bilinear
Transformation

The sampling frequency, f;, for the digital filters must be selected to satisfy: f; > 1 MHz.

The loop bandwidth, Bp, for tracking mode must be selected to satisty: Bpp7s = Bpr.T, < 0.01.

where T} is the symbol time duration.
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The carrier loop SNR, or LSNR, for tracking mode in the absence of RFI is found to be:

LSNR = Jo0E
NoBp, (12)
The carrier LSNR for acquisition mode in the absence of RFI is defined as:
2
LSNR,, =0
OBAcq—DL . (13)

A typical second-order PLL employed by civil and commercial satellites is shown in Figure 20.
As shown in this figure, B(s) = V(s) = 1, and the loop filter, F(s), is usually selected as a Type-II
(imperfect integrator) or a Type-III (perfect integrator) filter. Note that the figure also defines the
voltage controlled oscillator (VCO) gain in terms of the clock frequency and the number of bits

in the accumulator. For imperfect loop filter Type-II, the open-loop response G(s) is defined as:

Gls)= AK K, Fis) _ AK Ko {1+srz}

S

ad (14)
For perfect loop filter, the closed-loop response H(s) is defined as:
G(s A+ Bs)e™™
iy~ GO _(4+B)
1+G(s) s +(A+Bs) (15)
where
a=1.4AK K.,
b:'z-z.AK.Kyco. (16)
When the time delay is zero, the closed-loop filter becomes:
2
H(s) = ZZD'N +2¢m s :
S +2ngs+zvN' (17)
The loop noise bandwidth is found as:
B, =Loop noise bandwidth (BW) in Hz
e 1
B, = [IH(Dfdf = w{gu—}
s 9 (18)

where
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@, = Natural frequency of theloop in rad/sec = Ja = V7. AK K )
b

= Loop damping factor = =
d paamping 2w, 2|7,.4K K¢,

For perfect loop filter, the open-loop response G(s) is defined as:

K '
G(s) = AK.K o 1) = AR Kico ‘:ﬁ +7, }e“ T
S Ky S

For perfect loop filter, the closed-loop response H(s) becomes:

G(s) _ (A+Bs)

H (s)= =
() 1+G(s) s> +(A+Bs)
where
4o AK K,
(4
B=22 AK K.,
7

Similarly, the loop bandwidth for a perfect loop filter is found to be the same as before:

T 1
Bp= _[| H(f) [zdf = wNP|:gP + 4 :|
~o0 P

and

AK K,

7

@, = Natural frequency of theloop in rad/sec = JA =

. B B

¢p = Loop damping factor = =
2ay 2 M
3
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Imperfect Integrator loop filter Type-II:

F(s)= rl +7, Je“'TD
s

B(s)=1
Perfect Integrator loop filter Type-IlI:
l+s7
F(s)=——2

ST,

7, = Loop filter parameter

K _ 7, = Loop filter parameter
_ Byco Vis)=1

K = Zﬂfi K(s)= (s) T,, = Pure time delay of the loop
Ky D

vco — N
2

Sex =System clock
N = Number of bits in the acummulator = 32bits (typical accumulator)

Figure 20. Typical Second-Order PLL Employed by Civil and Commercial Satellites

3.3.4 Existing Carrier Acquisition Approaches

Most USB Command Detector Unit (CDU) performs carrier acquisition at the satellite by
going through four carrier modulation mode (CMM) recommended by the Consultative

Committee for Space Data System (CCSDS) listed in Table 3.

Table 3. Carrier Modulation Mode (CMM) for SATOPS USB Acquisition

CARRIER MODULATION

MODE (CMM) DESCRIPTION
CMM-1 UNMODULATED CARRIER ONLY
SR CARRIER MODULATED* WITH "ACQUISITION
SEQUENCE"
CMM-3 CARRIER MODULATED WITH COMMAND DATA
CMM-4 CARRIER MODULATED WITH "IDLE SEQUENCE"
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For CMM-2, the “acquisition sequence” is usually an alternating sequence (+1) with a
predefined length, L, in terms of number of command bits N. The length L is usually selected
using the following relationship:

L=2", (25)
The “idle sequence” is usually a non-alternating sequence.

CCSDS also recommends two approaches for the carrier frequency. The approaches are
described in Figure 21. The main difference between the two approaches is the approach for
reacquiring the carrier when the subcarrier and/or data timing synchronizers drop lock. Approach
1 assumes the subcarrier and/or data timing synchronizers drop lock, but the carrier synchronizer
is still “in lock”. Approach 2 assumes the subcarrier and/or data timing synchronizers drop lock
and the carrier synchronizer is also “drop lock™. The carrier acquisition mode includes carrier
frequency acquisition and carrier phase acquisition modes. The subsections below describe these

two modes.

Carrier Acquisition Approach 1 Carrier Acquisition Approach 2
Begin ComTand Session Begin Comanand Session

1. CMM-1: UNMODULATED CARRIER ONLY
1. CMM-1: UNMODULATED CARRIER ONLY =

) 1 2. CMM-2: CARRIER MODULATED WITH
2. CMM-2: CARRIER MODULATED WITH ACQUISITION SEQUENCE
ACQUISITION SEQUENCE l
l 3. (CMM4): (OPTIONAL: CARRIER MODULATED
3. (CMM-4): (OPTIONAL: CARRIER MODULATED WITH IDLE SEQUENCE)
WITH IDLE SEQUENCE) l
N l N 4. CMM-3: CARRIER MODULATED WITH DATA:
4. CMM-3: CARRIER MODULATED WITH DATA: TRANSMIT ONE FRAME
TRANSMIT ONE FRAME l

5. (CMM-4): (OPTIONAL: CARRIER MODULATED

5. (CMM4): (OPTIONAL: CARRIER MODULATED WITH IDLE SEQUENCE)
WITH IDLE SEQUENCE) 1
l 6. REPEAT (4) AND (5) FOR EACH FRAME
6. REPEAT (4) AND (5) FOR EACH FRAME
l 7. CMM-1: UNMODULATED CARRIER ONLY

7. CMM-1: UNMODULATED CARRIER ONLY

v

v End Command Session

End Command Session

Figure 21. Carrier Acquisition Approaches for USB SATOPS Systems
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3.3.4.1  Carrier Frequency Acquisition Mode

The most commonly used technique for frequency acquisition mode is the frequency
sweep technique shown in Figure 22. The technique consists of the following steps:
e Step 1: Select the frequency sweep rate based on the estimated received carrier
signal-to-noise power ratio, or CNR, or carrier SNR.
o The frequency sweep rate as a function of received signal power is derived
based on simulation and actual operational data.
e Step 2: Uplink command carrier frequency is swept during carrier acquisition
using the selected sweep rate.
e Step 3: When the command signal carrier frequency and the receiver PLL VCO
frequency coincide, the PLL will lock onto the carrier signal.
o Assuming that the selected sweep rate is not too large.
In practice, the SATOPS USB receiver utilizes a hard limiter in front of the PLL to control the
tracking loop. The second-order PLL is typically employed by military, civil and commercial
satellites for tracking the carrier signal component. The minimum sweep rate and probability of
lock for the loop are usually obtained by simulation using actual operating conditions. When the
carrier is acquired, the PLL will track it with certainty, i.e., with probability of lock greater than
90%. Figure 23 shows the minimum sweep rate and probability of lock as a function of the

received power.
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Frequency

1 Ay, =271,
®veo where
A f,, = Carrier frequency uncertainty due to
platform dynamic and VCO drift, etc
Search

Region = Aoy, |— Signal Frequency, o¢

Aw = Sweep Rate

v

T

Lock In Time

Figure 22. Carrier Frequency Acquisition Using Frequency Sweep Technique
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Figure 23. Minimum Sweep Rate and Probability of Lock as a Function of Receive Power

3.3.4.2  Carrier Frequency Acquisition Time Using Sweeping Technique

For the frequency sweep technique, the carrier frequency acquisition time, T, 1S
developed using the minimum sweep rate specified in Figure 23 and simulation results using

actual operational conditions from practical SATOPS missions, and it is found to be:

Aw 2nf
Tfreq = A;}n = Tun , (26)

where fy, is the frequency uncertainty due to Doppler and drift of the voltage controlled

oscillator and,
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1/2
A @ = Sweep rate in Hz/sec = wy|1- ! ,for3<Loop SNR ,, <4.75
LoopSNR ., -2 27)
1/2
fedfn —[ - J
Aw= LoopSNR xq =4 ) | for 6 < Loop SNR ., <9.5
2
&, for LoopSNR ., =9.5
2 (28)
2B 1
) = ﬂ[u—z}, £ =0.707
4 ¢
B, ., = Acquisition loop bandwidth (29)
Note that during acquisition, the loop SNR is defined as:
2
P,
LoopSNR ,, = Jo(mE
NOBLAcq ) (30)

Note that without loss of generality, one can assume the channel gain factor is equal to unity.

3.3.4.3  Carrier Phase Acquisition Mode

For carrier phase acquisition mode, the most commonly used techniques in practice are
carrier phase sweep and synchronization (or sync) word. The carrier phase acquisition process is
described in Figure 24 and is briefly described below:

Ty = Time required for the PLL to estimate the initial phase 0y, and

T, = Time it takes the PLL to reach steady state phase error O..

The carrier phase acquisition time, Tpacq, 1S calculated using the following relationship:

Tpacq =To+ T, . (31)
The carrier phase acquisition time improves significantly with phase-aided acquisition using the
sync word, or phase sweeping technique, to estimate initial phase. The discussion of these

techniques is provided below.
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Figure 24. Phase Acquisition Process of a PLL

3.3.4.4  Carrier Phase Acquisition Using Sync Word Technique

Typical carrier phase acquisition technique is to use sync word (or alternating sequence
or acquisition sequence) to estimate initial phase. This subsection assumes that the Doppler
frequency and timing are known in advance and that the command data is formatted as an NRZ

rectangular data pulse, i.e.,

LO<t<T,
p(t) =
0, elsewhere (32)

It is also assumed that the sync word or acquisition sequence with length L is known, and the
sync word is transmitted during CMM-2 (see Figure 20 and Figure 21), using direct modulation
with word sequence. Mathematically, the carrier signal modulated with an acquisition sequence

can be expressed as:
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SCMA/;—Z () =+2P; dAcq (t)[exp (](2”(fc +/)t+0, ))]

S 2 (6) = Real{SCMA;_z (z)}
L2
d, 0= 2 C,.plt—nT),
L2 (33)
where
fa = Doppler shift due to satellite movement,
6. = Received carrier phase shift of the desired signal, and
C, = Acquisition sequence with length L.
The carrier signal modulated with an acquisition sequence or sync word sequence is received at

the SATOPS USB receiver-demodulator and processed by a typical Maximum Likelihood (ML)

phase estimator shown in Figure 25.

Seun ()] p(=1) 4% 2.() ] Arg() >0,

k=—L/2
t=kT,
__L L
. 2777 2
[exp(— j27 (£, + £)1)]
C;=C,
Set th

k=-L L VCO
2 2 Phase

Figure 25. Typical Maximum Likelihood (ML) Phase Estimator

The performance of the ML phase estimator shown in Figure 25 is expressed in terms of

the variance of the estimated carrier phase, which is given by [5]:

, ’ 1 N, 1 1
o =varb.—O.p=——F5—"——=| — || —————
Oc 2L (2J7(m)P,T,) \2L)| BitSNR,,
where
2
BitSNR = 2B,
No : (34)

The above equation as a function of bit SNR is only for acquisition mode, and without loss of

generality, one can assume the channel gain factor is equal to unity. For a given bit SNR and a
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specified variance of the estimated carrier phase, the length of the sync word sequence is

determined using Equation (34).

3.3.4.5 Carrier Phase Acquisition Time Using Sync Word

The length of sync word must be selected to ensure the variance of the carrier phase
estimate error is small such that the time it takes the PLL to reach steady-state phase error, €. , is
about 1/2Bacq-p1. The acquisition models presented here ensure the probability of

synchronization failure at 10™®. The phase sync work can be computed from:

Phase_Sync — 2B

LAcq , (35)
where
L = length or number of bits in the sync word,
T}, = sync work bit duration in seconds, and

B1acq = acquisition loop bandwidth in Hz.

3.3.4.6  Carrier Phase Acquisition Time Using Phase Sweeping Technique

Based on the simulation results using the various sources, the carrier phase acquisition

time using phase sweeping technique is found to be:

! + 12.2 ,for LoopSNR , , =10dB
2’BLAcq 4BLAcq
TPhaseiSwp = 1
+ ,for LoopSNR , , =14dB
2BLAcq 4BLAcq . (3 6)
The total carrier acquisition time, 7., is calculated using the following relationship:
TAcq = TFreq +TPhase, (37)

where Treq 1s defined in (26), and Tppase is defined as in (35) or (36), depending on the phase
sync technique used by the SATOPS USB receiver.

3.3.5 Analytical Models for Assessing PLL Acquisition Performance in the Presence of
RFI

This section presents analytical models for evaluating the impacts of CW and wideband

RFT signals on the second order PLL acquisition performance.
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3.3.5.1  Analytical Models of PLL Acquisition with CW RFI

Recall from previous section, the CW RFI signal is defined as:
I1(t) = 2P, cos(2r(f. + Af)t + 6), (38)

where

P;=RFI power,

Af. = RFI frequency offset from the desired carrier frequency, f., and

6, — RFI phase.
For continuous wave (CW) RFI, the effects of RFI depend on the RFI carrier frequency, namely,
case 1 for out-of-band interference, and case 2 for in-band interference. The in-band interference
occurs when the RFI carrier frequency is within the carrier acquisition loop bandwidth, By acq,
and the out-of-band interference happens when RFI carrier frequency is outside the carrier

tracking loop bandwidth.

3.3.5.1.1 Case 1: Af. > Brueq

For case 1, the loop SNR in the presence of CW RFI is given by:

LSNR
LSNR,, ,=—%
et (39)
where
2
LR < AOB
C B cq
0"~ LAcq i (40)

For case 1, the carrier acquisition time, 7,cq, remains the same as the non-interference case

presented in the previous section.

3.3.5.1.2 Case 2: Af. < Brueq

For case 2, the loop SNR in the presence of CW RFI is given by:

LSNR .
LSNR,,, ,=—%
Acqg-2 , (41)
where
Dpcq-2= [1+ INR], (42)
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and INR is the ratio of P;/ Ny, the interference power-to-noise ratio. For case 2, the carrier
acquisition time, 7ycq-cw-2, Will be longer due to the loop SNR degradation by a factor Axcq. The

frequency sweep rate will be calculated using LSNRcw.», 1.€.,

1/2
° 1
A®, .y =02 1— ,for 3 < Loop SNR <4.75

e N{ [Loop SNR <y, - 2] } P w2 43)

1/2

o N T a1 4
Aoy, =1 | LSNRewa=4) | for 6 <LSNR oy, <9.5

O for LSNR (., 29.5

2 (44)
2B
) = %[H?} £ =0.707

B, ., = Acquisition loop bandwidth . (45)

Again, without loss of generality, one can assume the channel gain factor is equal to unity. The

carrier frequency acquisition time becomes:

277‘Un
T, Freg-CW-2 — .
Ay, | (46)
Similarly, for case 2, the carrier phase acquisition time becomes:
1 12.2
+ ,for LSNR ., , =10dB
T _ 2BAcquL 4BAcq7DL
Phase_Swp—-CW-2 — 1
+ ,for LSNR ,, =14 dB
2BAcq—DL 4BAcq—DL (47)
where
T, - + L.y, T,
Phase_Sync—CW-2 2BLACq CwW=-2"b

L., =Required length or number of bits in the syncword in the presence of CW RFI

T, =Sync word bit duration in second 48)

For CW RFI case 2, the performance of the ML phase estimator becomes:

. (1 (1+INR)
oc-cw-2 | 2L, , )| Bit SNR

Acq

(49)
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where bit SNR is defined as before, i.e.,:

_2J/(mAT,

Acq

Bit SNR
No | (50)
To compensate for the CW RFI, one can increase the length of the sync word or the bit SNR. For
the phase sweep technique, the carrier acquisition time in the presence of CW RFI becomes:

T, T, +T,

cq—Sweep—CW -2 = Freq—CW-2 Phase_Swp—CW-2 . (5 1)

For sync word technique, the carrier acquisition time is given by:
T T, L+ T,

Acq—Phase-Sync—CW -2 = Freqg—CW— Phase_Sync—CW-2 (52)

3.3.5.2  Analytical Model of PLL Acquisition with WB RFI

Recall from the previous section, the wideband (WB) RFI signal is defined as:
1(t) = 2P, d;(t)cos2n(f. + Af)t +6)), (53)
where
di(t) = Xnteoo In - p(t —nT; — 17),

P;=RFI power,

T; = RFI bit duration in seconds, and 7; < T},

Af. = RFI frequency offset from the desired carrier frequency, f., and

T1 = RFI phase.
The loop SNR in the presence of wideband (WB) RFI can be shown to have the following form:

LSNR

LSNR,, = —*
Acq—-WB , ( 5 4)
where
2
LSNR ,, = Lm)PT
0 B LAcq , ( 5 5)

P P
AAcq—WB = {1 + F] S v ws (BDL ’fUn )} VI =INR

0 0

Serr (s Lun) =[S (f = fu) +8,(f + fu)]
S,(f)=T, AL].DL {%@%)} df, where T, =1/ R,

- BA(q—DL 1

(56)
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Again, fu, is defined as the frequency uncertainty due to Doppler and VCO drift.

For the phase sweep technique, the carrier acquisition time in the presence of WB RFI

becomes:

T

Acq—Sweep—WB

=T,

Freq—WB

+T,

Phase_Swp—-WB

For sync word technique, the carrier acquisition time is:

TAcq—Phase—Syne—WB = TFreq—WB + TPhave Sync—WB
where:
2
TFrcq WB ﬂfUn
A wWB
where:
1/2
Aaw,, = ! ISNRWB j 1ﬁn6<L$ﬂgW<95
; ,for LSNR ,,, 29.5
1 12.2
+ ,for LSNR ,;, =10dB
T _ 2BLAcq LAcq
Phase_Swp-WB ~— 1 8
, for LSNR ,; =14 dB
2BLAcq LAcq
1
T, Phase_Sync-WB — F + Ly, T,
LAcq

L,,, =Required length or number of bits in the syncword in the presence of WB RFI

T, =Sync word bit duration in second

For WB RFI, the performance of the ML phase estimator becomes:

GZ 1 AAcq—WB
00-WB 2LWB | Bit SNR

Acq

AAcq—WB = [1 + INR.S gy (BAc‘q—DL > fUn )]
Swer-ws (s Su) =[S, (f = Lu) + S, (f + )]

S, (NH=T, A(]:DL {%} df, where T, =1/R,

=Bueq-pL 1
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For the ML phase estimator, the acquisition loop bandwidth, Bacq.pr, is identical to Lwg. To

compensate for the WB RFI, one can increase the length of the sync word or the bit SNR.

3.3.6 Analytical Models for Assessing PLL Lock Detector

Figure 26 shows how a PLL lock detector is integrated into the PLL operation for
acquiring and tracking the carrier signal. Note that the parameters Bp;, and Bacq-pr. shown in
Figure 26 denote the digital loop bandwidth for tracking and acquisition mode, respectively,
assuming that the second-order PLL is implemented in the digital domain. Regardless of whether
the loop is implemented in digital domain or analog domain, the loop bandwidth should be set
the same for both cases, i.e., Bpr = By, and Bacq = Bacq-pr, Where By and Baq are the analog loop
bandwidth for tracking and acquisition modes, respectively.

As shown in Figure 26, the PLL initially will be in the acquisition mode, acquiring the
carrier signal component. In this mode, the loop bandwidth will be open wide enough to cover
the range of the expected frequency uncertainty of the carrier signal, normally 110 kHz for
SATOPS applications. During this mode, the phase lock loop will monitor the carrier phase error
over an observation time 71. If the phase error is less than a threshold values Grpcar, then the PLL
will switch to the tracking mode. For the tracking mode, the PLL tracking loop bandwidth will
be set according to the loop bandwidth product B 7, < 0.01, where Ty is the command data bit
duration. This section describes how the threshold values Gpcar and 77, are set for the optimum

lock detector performance.
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Figure 26. Typical PLL Lock Detector Employed By Civil, Commercial and Military
SATOPS Satellites

The value e, s selected to ensure the probability of lock is greater than 90%.

Theoretically, it is chosen by using the following relationship:

1
OThcar = JISNRz;;
The effective loop SNR (LSNR.¢) shown in (65) is defined as the loop SNR in the presence of

+ o*Margin] (Radians). (65)

noisy carrier reference for a specified BER performance. The LSNR¢ can be calculated using
(70) shown below, and Guargin 1s the phase error margin that is specified by the communications
designer to take into account the phase jitter caused by VCO drift, residual Doppler, phase noise,
etc. In practice, the phase error margin can be 5% to 10% of the value of 1/\N(LSNR.y).

The value oie,r 1s selected using the effective loop SNR that is evaluated in the absence
of RFI. It is assumed that the PLL tracking error follows the Tikhonov distribution and that the
carrier tracking phase error is small. By using Taylor series expansion on the average uncoded

BER equation, one can approximate the uncoded BER as [6]:
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BER,, = %e}_’fc{ BSNR, }+% lBSNRO O.;e—{BSNRO}
T

where

BSNR, =2J; (m)ﬂ
NO

S —
LSNR, (66)

As before, if one defines the PLL tracking loop bandwidth as By and the carrier tracking loop
SNR, LSNR, as:
P T

LSNR, = J; (m
Ry =Jy( )NOBL

) (67)
then the uncoded BER, in the absence of RFI with small carrier tracking error, can be rewritten

as a function of the carrier tracking loop SNR, LSNRy:

\/ 1 a.(B,T,).LSNR,
l V4 —{a.(B,T,).LSNR,}
2 LSNR, (68)

5

BER,, = %erfc{ o(B,T,)LSNR, |+

where

_ 5 Jim)
a= 21—5 =t (69)

The first term of (68) represents the ideal BER performance with perfect carrier tracking, and the
second term is the BER degradation due to imperfect carrier tracking due to the presence of
AWGN. The imperfect carrier tracking is represented by the carrier tracking jitter, gZ. This term

is also defined as the “Radio Loss” (RL). From (68), the effective loop SNR is defined as:

Effective Loop SNR = LSNR,,, = (B, T, )LSNR, (70)
Substituting (70) into (68), the uncoded BER becomes:
N L 1 snr
x -
BER,, = lerfc{ [LSNR,, }+ a(B,1) Nz ¢ SR )
2 / 2 LSNR,, . (71)

The effective loop SNR must be chosen for the uncoded BER to meet the desired threshold BER

value, e.g., BERThreshold = 10° or 10,
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The effective loop SNR must also be chosen to ensure that the mean time between cycle
slips, Tmacs, 1s sufficiently large that probability due to cycle slip occurring due to noise can be

ignored:

2 lrisNmy )
Torpes ® — Y

B, . (72)
To ensure a small probability of false lock at approximately 10 [6], the integration time T of

the PLL detector can be set as follows:

1
T, = "
0.018* LSNR

%
B . (73)
Effective loop SNR must be set to meet the specified uncoded BER performance and mean time
between cycle slips. The above equations are used to determine the required carrier-to-noise

power spectral density (C/Ny).

3.3.7 Analytical Models for Assessing PLL Tracking Performance

This section describes analytical models for evaluating the impacts of CW and wideband

RFI signals on the PLL tracking performance.

3.3.7.1  Analytical Model of PLL Tracking Jitter in the Absence of RFI

The performance of the PLL is characterized by the variance of the tracking phase error,
O'QZC, and in the absence of RFI, it is given by:

o, = A
% LSNR , (74)

where
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LSNR = Loop SNR = P% ,Notethat P./ N, 1s the carrier SNR

0~L

PC:J(f(m)PT

A= {1 + %SCD(I,O)}

0

Sk )= S 2mS,(f — kfee) + S,(f +Kfs)]

k=1,k=o0dd

B, . 2
S.(N=T, | {%’ﬂb)} df, where T, = 1/R,

B b (75)
Note that without loss of generality, one can assume the channel gain factor is equal to unity.
Note that when f. > 4Ry, 0'92C becomes:

o, ~ !
% LSNR (76)

In practice, for reliable tracking, the loop SNR is usually set at about 11 dB or more to ensure

reliable tracking performance.

3.3.7.2  Analytical Model of PLL Tracking Jitter with CW RFI

A continuous wave (CW) RFI signal is defined as:

I1(t) = 2P, cos2re(f, + Af)t + 6)), (77)
where
P = RFI power,
Af. = RFI frequency offset from the desired carrier frequency, f., and
6 = RFI phase.

3.3.7.2.1 Case 1:Af.> Bp;

For Case 1, the variance of the tracking phase error, O'QZC, in the presence of CW RFI can

be shown to have the following form:

A
2
Oy

" LSNR (78)
Here, A is defined as in (74), and for f; > 4R, A = 1.
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3.3.7.2.2 Case 2: Af. < Bpr,

For Case 2, the variance of the tracking phase error, agc, in the presence of CW RFI can
be shown to have the following form:

2 _ Acw
% LSNR
Acy =[1+INR]

INR = Ll = Interference - to-noise powerratio
No . (79)

Here, one can assume that f;. > 4R;,. Note that when INR is greater than the carrier SNR, the PLL

will drop lock on the command signal and lock onto the CW RFI signal. Note that for this case,
the effective loop SNR, LSNRg ¢, is calculated from (79), using: LSNRgsr = Tﬂ. Using this
cw

effective loop SNR, one can calculate the SATOPS BER performance in the presence of AWGN

and CW RFI taking into account of imperfect carrier synchronization using (71).

3.3.7.3  Analytical Model of PLL Tracking Jitter with WB RFI
Recall from the previous sections, the WB RFI signal is defined as:
1(t)= 2P, d,(t)cosr(f. + Af.)t+6,)
d, ()= ) 1,.p(t-nT, 1),
where
P, =RFIpower
T, = RFI bit duration in seconds, where T, <T,
Af. =RFIfrequency offset from the desired carrier frequency f,
0, =RFIphase ‘ (80)
The variance of the tracking phase error, Ugc, in the presence of CW RFI can be shown to have

the following form:

2 A WB

%0. = TSNR
. (81)

Here, one can assume that f;. > 4R}, and the degradation factor Awg is found to be:
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Ay = [1 + INR‘SWB(BL 1, Afc)]

[NR:&

0

Sy T A =3 S (F = A+ S (f + 7] -

where

Sur (=T, | {%’ﬂ)} d

here
T, =1/R, <T,=1/R,

Note that for this case, the effective loop SNR, LSNR, is calculated from (81), using:
LSNRgss = LASﬂ. Again, using this effective loop SNR, one can calculate the SATOPS BER
WB

performance in the presence of AWGN and WB RFI taking into account of imperfect carrier

synchronization using (71).

3.3.7.4  Mean Value of Tracking Error in the Presence of RFI

This section derives a simulation model to characterize the mean value of the phase error
in the presence of RFI signal. The model presented here assumes that the PLL is in acquisition
mode at Carrier Modulation Mode 2 (CMM-2). This means the transmitted SATOPS signal uses
direct modulation with a known acquisition sequence, dacq(?). For this case, the received signal at
the satellite is given by:

Ry (0= Seapr o ) +1(#) +n(?)
where

S (0) =2 d 1, (D) cos(2x(f; + £t +6,) 83)

b

where n(?) is the AWGN defined earlier.

3.3.7.4.1 CWRFI Case: Af,> B,

As defined previously, the CW RFI signal /(?) is given by:
() = 2P, cos2rr(f. + AL)t+6,) (84)

The received signal becomes:
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Reania (0= \2Pd, (0052 (f, + )0 +0,)+ 2P, cos(2a(f, + )i +6, )+ n(t) (85)
The VCO signal is defined as:
VCO(t) =sinQ2z(f, + [ )t + G0 () (86)
Assume that the acquisition sequence is perfectly removed by the correlation processing at the

satellite receiver. The tracking error signal, e(?), is formed by:

ecy (1) =VCO(O).R(0).d ., (1) = 2P, sin(0,00 () — 0. )+ 2P, sin(0,00 () = Oy () )l 1o () + 11, (£)

where

Ocy () =27(f, — A )t + 6,
n, - (t) = Low passfilter version of the AWGN (87)

The mean value of the tracking error signal is found to be:

Elecy (0] V28 E[6,c0() =0 ]
Assuming that (6, (¢) —6,) is small (88)

For CW RFI, the mean value of the interference signal has been removed during the sync word
correlation processing as shown in (87), and the mean value of the tracking error is the average

of the difference between the incoming carrier phase and the VCQO’s phase.

3.3.7.4.2 WB RFI Case

As defined previously, the WB RFI signal /() is given by:
I1(t)=+/2P, d,(t)cos(2nr(f. +Afc)t+l91)_ (89)

Assume that the acquisition sequence is perfectly removed by the correlation processing, the
tracking error signal e(?) is found to be:

€y (@) =VCO@).R().d ., () = 2P, sin(Oc6 () —O0.)+ 2P d ., ().d, () Sin(Byc0 (¢) — Oy () + 11, 1y () ) (90)
Assume the acquisition sequence and daq(?) are independent. We get:

E[eWB (t)] A ZPTE[QVCO Ok ec]
Assuming that (6, (¢) —6,) is small 1)

Equation (91) shows that the mean value of the PLL tracking error is found to be the same as the

CW RFI case.

Approved for public release; distribution is unlimited.

49



3.3.8

RFI Detection Models

Currently, there are three approaches for the RFI detection, namely:

Approach #1: Employ ITU and NTIA definitions for “harmful” interference and use the
maximum allowable PFD (Power Flux Density) expressed in dB/m*/Hz to determine
whether harmful interference has occurred.

Approach #2: Monitor the received BER and when the received BER falls below a
threshold value for Tre; second, one can declare an RFI event has occurred.

Approach #3: Monitor the sync errors, if they exceed the threshold values for Trgy

seconds, then one can declare an RFI event has occurred.

As indicated in the introduction and our survey results presented in Sections 3.1 and Section 3.2,

Approach #1 and Approach #2 are the ones that are currently adopted by many existing RFI

analysis tools. Our research effort considered a combined Approach # 2 and Approach #3 to

detect an RFI event. The combined approach takes into consideration of the synchronization

loops and BER performance of the SATOPS system. The combined approach includes the

following steps:

Step 1: Assume the PLL is in tracking mode, monitor the carrier PLL tracking error,
OTracking-
o RFIis flagged when the PLL carrier tracking phase error Grracking €Xxceeds a
predefined threshold value Griresold for Trer second, i.€., Grracking > OThreshold OT
Twrrr seconds.
o From Section 3.3.6, the carrier PLL tracking error, Grracking, 15 €valuated using the

following relationships:

Apr i
G%racking = L;XIZ »1=1, 2
R, . 92)
Recall that LSNR is the loop SNR, which is defined as:
LSNR, = J(f (m) f
B 93)

For i = 1, the loop receives the desired carrier signal component in the presence of

CW RFI, and Agpy. is given by, from Section 3.3.6:
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Ay, =1+ INR]

where
INR = 2
Ny , (94)

where INR is defined as the Interference power-to-Noise Ratio. For i = 2, the loop
receives the desired carrier signal component in the presence of WB RFI, and

Agr12 1s given by, from Section 3.3.7:

AAcq—WB = [1 + (INR).S gy i (B, ’fRF[ )]
SRFFWB(fann) = [S[(f_fRFI)+ Sl(f + fRF[)]

S,(f)=T, f {%ﬂﬂw’)} df, whereT, =1/R,

_BL

) (95)
where frp; is defined as the RFI frequency relative to the desired carrier frequency

fe.
o From Section 3.3.6, Eqn. (65), the value of orpresholq 1S calculated using the

following equation:

1 .
O heshold = \‘JRadlan

JLSNR ,; ’ (96)

where LSNRE¢ 1s calculated from (70).
Step 2: From Section 3.3.6, Eq. (71), using the value of Grracking, €valuate the impacts of

the carrier PLL tracking error on BER performance using the following analytical

1
1 1 1 alB,T,) 7{6%“@}
BERRFI = Eerfc{o_ }"’ \/;-%Gﬁachnge
Tracking

where a is defined as in (69). As indicated in Figure 26, the loop-bandwidth-bit-time-

models:

97)

product is: BT, < 0.01.
Step 3: Determine the threshold values of the BERgy; and Trg; caused by the RFI. The
threshold values of the BERgy; and Trpr caused by the RFI are defined as BER hreshold and

T'rhrrr, respectively.
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o From Eq. (97), the threshold value BERheshola 18 calculated using the following

equation:

i
1 1 1 a.B T . _.O-%/“/ id
BERThresho/d = Eer]pc{ }‘i‘ _'Mo-ﬁlresholae { hresho }
O Threshold \ 7T 2

; (98)
where Grreshold 1S defined as in (96).
o The threshold of the interference time duration 7grg; is calculated using the
following relationship:
Torer = f(%).T, ’ (99)

where T is the total observation time within the ground station antenna FOV
(field-of-view), and (%) is the fraction of time that is allowed for the SATOPS
data to be corrupted by the interference sources. For NASA missions, the fraction
of time f{(%) of 1% is usually selected, and the threshold of the interference time
duration TRy is given by:

Ty = (0.01).T5, . (100)

e Step 4: RFI is declared when BERgy; and Tgry; exceed threshold values, i.e.,:
O  BERRF1 > BERThreshold When GTracking = OThreshold fOT TRE1 = TThrrL
e Step 5: In conjunction with the above steps (activities), the lock detector also monitors
the PLL tracking error Grracking.
o The loop is declared to drop lock when Grracking = OThear.
O  Ofthear 18 the carrier threshold of the PLL, and it is derived from (65). Note that in
practice: Grhear = OThreshold-
o If the drop-lock duration is greater than Trprpy, then evaluate the BER.
= RFIis declared when BER > BERhreshold-
In practice, to ensure meeting the required command QoS and un-interrupted PLL operation, we

want to set:

o-Thcar 2 GThreshold . ( 1 O 1 )
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Figure 27. Proposed Framework and Algorithm for RFI Detection

3.3.9 USB Signal Estimation Models

3.39.1 CWRFI Case

Recall that the SATOPS command signal S(z) and RFI signal /(z) received at the satellite

are given by:

S(t) = a\[2P. cosQRa(f. + [t +md(t)sin(27f 1) +6.))

1(6) = 2P, cosQa(f. + M)t +6,)

Using the identities:

cos(msin(x)) = J,(m)+ Qi J,, (m)cos(2nx)

n=l1

sin(msin(x)) = i%n_l (m)sin((2n—1)x)
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the signal S(?) can be expanded as:
S(t) = ay2P. [T, (m) cosRa(f. + f,)t +6.) = 2J,(m)d(6)sinRz(f. + f,)t +6,)sin(2f 1) + h.o]

h.o.t = Higher order terms that contained signal componentsat twice of frequencies or higher . (106)

The goal here is to estimate the “carrier component” of the USB signal, i.e., to estimate the

following signal:

S(0) = a2, J(m) cosQa(f. + [,)t +6,) (107)
The channel gain factor, a, is calculated from the estimated a (dB) as:
a(;iB)
a=10 1 (108)

The estimated channel gain factor, @, expressed in dB is:

A a(;lB)

a=10 1 (109)
where
a(dB) =L (dB)+ G (dB)+Gy(dB)+L,,, (dB)+ L.,.(dB) + L,,(dB)
2
c
L (dB)=S loss =101
.(dB) = Space loss og[[4ﬂch] }
2
G, (dB) = Transmitter antenna gain in dB =10lo g|:47Z'A§fc }
c
2
G, (dB) = Receiver antenna gain in dB = IOlog{ 47rA§fc }
) (110)
and

L,,.(dB) =Loss due toatmospheric in dB
L.,(dB) = Loss due to transmitter's cable in dB

L.,z(dB) = Loss due toreceiver's cable in dB

where
¢ =Speed of light in m/sec
D =Thedistant from ground station tracking to the satellite in meters

A, = Transmitter antenna diameter in m’

A, =Receiver antenna diameter in m’

The Doppler frequency, fq, is estimated using the following equation:
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(111)
where

f, = Transmitted carrier frequency in Hz

¢ =Speed of light in m/sec

v, =Satellite's speed in m/sec

v, = Ground station's speedin m/sec. Itis assumed to be zero.

It should be pointed out that the channel gain, a, can also be derived from the link budget model

described in Section 3.3.11.

3.3.9.2 Estimating the Received Carrier Phase @ - Case 1: PLL in Tracking Mode

For small phase tracking errors, Figure 28 illustrated the linearized model of the
advanced NASA PLL shown in Figure 18. As shown in Figure 28, during tracking mode, the

phase error is small and given by:
0.()=0.()=Oyco(D) (112)
where the VCO’s phase is defined as:
Orc0(®) =27 Kyco [, [ e(e)v(s —T)dz.ds
0 , (113)

where

e(t)= AK._[:OE(r)g(t—T)dT. (114)

Figure 29 describes a mathematical framework for characterizing the estimate of carrier tracking
phase error of the advanced NASA second-order PLL shown in Figure 18, and how it is used in
the USB signal estimation model. Figure 30 shows where the carrier tracking phase error is
incorporated in the simulation of a PLL in the presence of RFI. Simulation models for the NASA
advanced second-order PLL and typical Type-I imperfect integrator second-order PLL employed
by many SATOPS systems will be presented in the following sub-sections. Both CW and wide-
band (WB) RFI signal types will be investigated. For Type-I imperfect integrator, discrete

simulation models will be presented for implementation in Matlab. Finally, a framework to show
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how these simulation models of the PLL tracking phase error will be integrated into the USB

estimator model.

sin(0, (1)) = 6, ()

0. + ___ 0.(0) t
D »| AK.B(s)F(S) e)

Byco (1) G(s) = AK.B(s)F(s) -> g)t)

V(s) -> v(t)
KvcoK(s)V(S)

PLL Closed loop transfer function:
B(s)F(s)K(s)V' (s)
1+ B(s)F ()K(s)V (s)

Hppy(s) =

Figure 28. Linearized Model of Advanced NASA PLL Shown in Figure 18 for Tracking

Mode
d d d d i d
0,t)=06.(t)-6,,,(1) E@(O"’EQVCOU):E@U) E@(O"’2”-KVCO‘IV(7)e(t_T)dT=Eec(t)
0
0.=brco Bc01) = 27K, [ [ e (s ~r)dzds elt)= 4K [ 6,(0)g(t~)dr

Phase of the PLL VCO ! 0
Provides an estima_te of d i - d

the rec;\;esicamer = 0,(t)+2r.AK K, ! V(T)UO 0,(s)g(t- s)ds}dr = " 6.(t)

— T PLL

L ,,,(dB) = Loss due to atmospheric in dB J
L, (dB) = Loss due to transmitter's cable in dB 9 _ 0
Lz (dB) = Loss due to receiver's cable in dB c — Yyvco

c=Speed ?f light in m/sec ‘ ‘ o ] OUtpUt
et [N USB Sicnal - N

A:( = Receiver antenna diameter in m? - Estimation S (t )

f, = Transmitted carrier frequency in Hz Model . . . .

¢ =Speed of light in m/sec S{t)=a \/ﬁ‘]o (m) COS(27r(fL, + fd )+ 0(»)

v, =Satellite's speed in m/sec

v, =Ground station's speed in m/sec. This can assumed to be zero
e

Figure 29. Mathematical Framework and Algorithm to Incorporate PLL Tracking Error
into USB Signal Estimation Model
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1y nle) 0.()
S e(t)

F,(s)=BS)F()V(s)
AK.B(s)F(s)V(s)

S

Hc (t)

Figure 30. Simulation Model for Incorporating Carrier Tracking Error into NASA
Advanced Second-Order PLL

3.3.9.3  Mathematical Model of NASA Advanced Second-Order PLL Tracking Error

3.3.9.3.1 Casel: CWRFI

Recall from previous sections, the signals S(?), I(¢), n(t) and r(¢) shown in Figure 30, are

defined as follow:

S(1) = a 2B, (m)cos2a(f. + f,)t +6.) (115)
1(t) = +[2P, cos2x(f. +A+6), (116)
where,
n(t) = AWGN with two-sided powerspectraldensity of N /2
and

r(£) =2 sinQ2f t + 6,00 (1)) (117)

[I3%4)

Let’s define the Heavy-side operator “p” as:
d
p=—=0~)
dt (118)
For typical NASA, civil and commercial SATOPS receiver, the loop-gain and filters shown in
Figure 30 are given below:

AK = loop gain = 2.4 x 107, (119)

1
1+ tges)

B(s) = (120)
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Tpe = 1.6 x 1075 | (121)
For a Type-I imperfect integrator loop filter, F(s) is given by:

F(s) = 1:—2‘; , (122)

where
T, = 4707,7, = 0.0442 (123)
T, =1.0x1076. (124)

The phase smoother filter, V(s), is defined as:

1

V(s) = T (125)
The VCO filter is:
K(s)=1 (126)
We define the following system parameters:
P
1R = %5 (m)P, (127)
K =AK Ko (128)
0.=0.(t)=w,t —6, =27t — 6, (129)
0,(t) =27\t +27f, p5ct+6, =2nft+0,
where
J1=Mo+ fisosc (130)
Aw, =27(f, + f3) (131)
A6, =6,-6, (132)
and
O.()=6.()=O,co(1) (133)

The carrier tracking phase error of a typical second-order PLL in the presence of RFI can be

characterized by a differential equation shown below:

Wi@(ﬂ = L—FA(P) sin(6),(£)) + VISR sin(6,(1) + Awt + Ab, ) +

1
————n(r)
KJy(m)B, JmE;" . (134)

For a typical advanced NASA Type-I second-order PLL, F4(p) is given by:
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F(p)= I+7,p 1 1 _ I+7,p
P l+z,p | 1+7eep | 1+7,p l+,pl+7,.pN+7,p
1 RC v 1 RC v

1+7,p

F = 2

4(P) I+, p+7-p+ TRcrlpz +7,p+ Tlrvp2 + TRCTsz + TRCTlTvp3
F.(p)= I+7,p

a\P 1+(z, +7Tpe + 7)) P+ (Tpetr, + 7,7, + TRCTV)pZ + chrlrvp3

1+7,p

F = 2

2 1+701P+Tczp2+7C3P3 , (135)

where

Toy =T, +Tpe +7,

Tey =Tpely T OT, T T,

Te3 = Tretity . (136)
Thus, from (135), a differential equation characterizes the behavior of the PPL tracking phase

error in the presence of narrowband RFI and AWGN. It can be shown to have the following

form;
;(l+z’ +7 iz 3)79(0__
Jo(m) — c1P 2P o3P T
(d+zyp Zczpz chp3)w0_ in(@ + /ISR sin(@ +Aw,t+AO +;n
K]O(’")\/TDT (1+7,p)| sin(8,(?)) sin(6, (¢) of b) Jo(m)\[ P, © . (13/)

One can rewrite the above equation and obtain the following equation:

v e d—zg(t)-kr d—39(z)+r d—49(z) =
KJO(m)\/FT dt e Cl1 dt2 e C2 dt3 e C3 dt4 e

- {sin(@e(t)) +JISR sin(6,(1) + Aw,t + AG,) +

; I’l(t)
Jo (m)\/FT

J d . ! d
—{dtsm(ee(t))Jr\/ﬁdts1n(6’e(t)+Awot+A6’o)+Jo(m)\/FTdtn(t)} (138)

3.3.9.3.2 Case 2: Wideband (WB) RFI

For WB RFI, recall that the interference signal has the following form:
1(t) = 2P, d, () cos27(f, + A )t +6,) (139)

From (137), the differential equation characterizes the behavior of the PPL tracking phase error

in the presence of wideband RFI and AWGN. It can be shown to have the following form:
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1 d d? d’ d*
—— |-+ —O0 )+, —O () +T,..—O. (1) | =
KJO(WZ)\/FT|: ” () + 74 dr (D) + 7, dr L (8) + 7y x ( ):|

_ {sin(ﬁe @)+ \/ﬁd, (t)sin(0,() + Awt + AG)) — J(I)\/Fn(t)}
oUn)\/ Iy

J d . L_d
_ L{tsm(@m) +/ISRd, (O sin(@. () + Azl +A6,) + Wdtn(t)} (140)

3.3.9.4  Discrete Simulation Model of Type I Imperfect Integrator PLL Tracking Error

This sub-section presents the simulation models for a second-order PLL using Type-I

imperfect integrator. Figure 31 depicts a block diagram of this PLL.

0y n® 0.
e(t)

Imperfect Integrator loop filter Type I:
Fy(s)=F(s)

14 mS
14+ 7S

F(S) =

Figure 31. Simulation Model for Incorporating Carrier Tracking Error into Typical Type-I
Imperfect Integrator Second-Order PLL

3.3.94.1 Casel: CWRFI

For Type-I imperfect integrator loop filter with the worst case CW RFI, Eq. (134)

becomes:
400 :’;[_Sin@,m)_m sm@(t))—”;l(,ﬂ
_ Til [1+ K"z, cos(@,(1)) + K"z, ISR cos(6, (z))]% 0.()+ A,Lq%nl ) a1
where we have defined the worst case scenario when 6;(t) = 0, A@dy = 0, and AG = 0. The
parameters A°, K’ and interference to signal ratio (ISR) are defined as:
A'=Jy(m12F, (142)
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K AKK,.,

Z_ JO(I’H)‘\}2P7w (143)
and
ISR:i
I (144)

Note that n,(2) is the defined as:
(1) = n.(1)0s(6,(0) ~ s ()sin(6,(1) (145)

where n.(t) and ny(?) are the in-phase and quadrature components of the AWGN, n(?). Viterbi [7]
has shown that n,(?) is essentially white Gaussian noise with spectral density Ny/2 when the
carrier loop bandwidth is smaller than the input noise bandwidth. Using, Eqn. (138) can be
transformed into two first-order differential equations that are suitable for simulation using
Matlab program. If we define 7 as the sampling interval and “n” as the number of sample points,
then (138) can be rewritten as:

6,(n+1)Ty) =6, (nTy) + T,6.(nTy)
T,K'

0.((n+DTy) =

{‘ sin(6, (nT;)) ~ VISR sin(é, ("Ts”‘%v?}

4

_Lfyy K't, cos(6,(nTy)) + K't,N ISR cos(8, (nT ))]9;(nTS) + ?Men;N(nTS)

T[ Tl ’ (146)
where
0,(t) = iﬁe (0)
“ ’ (147)
and
0/ (n1,) = L1+ DT5) =6, (DT5)
o " (148)
n,(nT.
ny(nTy) = %
B ' (149)

When 6,(t) = 6,5, Ay, = 0, and A8, = 6,, Eqn. (146) becomes:
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0, (n+1)T,) =0, (nT,)+T,0.(nTy)

0,(n+1)Ty) =5

1

{_ sin(0, (nT,)+6,) - Jﬁsin(@e (nT5)+6,) _’%VSSV’ZS)}

Il Kz, cos(@,(nT,)+ 6, )+ K12, VISR cos(6, (nT, )+ 6,0) B (o T, T s 1)

3.3.9.4.2 Case2: WB RFI

For Type-I imperfect integrator loop filter with the worst case WB (wideband) RFI, Eqn.
(134) becomes:

jzﬁ(t)—K{—sm(@ (6)) VISR, (¢)sin(0, (1)) - (t)}
T

S [1 +K'z, cos(6,(1))+ K'7,J ISR, (f)COS(ge(l))]E e !
7

)
. (151)

Similarly, this equation can be transformed into two first-order differential equations that are
suitable for simulation using Matlab program. It is found to be:

0,(n+DT5)=06,(nTs)+ TSQ;(nTs)

6(n+ 1Ty = 5K

2

{_Sin(ge (nT;)) = VISR, (nTy)sin(6, Ws”‘%}

——[1+K'r2 cos(8,(nT,)) + K'z, ISR, (nT,) cos(6, (nT ))]9 (nT)+ STNR ny (nTy)

(152)
When 6,(t) = 6,9, Ay = 0, and AG, = 6,, Eqn. (152) becomes:

0, (n+1)Ty) =0, (nT,) + T,0,(nTy)

' I,K'| . . nyy (nTy)
0,(n+DT) = —sin(d, (nTy)+6,)—VISRd,(nT)sin(6, (nTS)+¢9,0)—SN7R

1

T T
-3+ K'7, cos(0,(nT) +6,)+ K't,NISRd, (nTy) cos(0, (nT )+0,0)]H (nTy) +—3—n,, (nTy)

7 ISNR (153)

The characteristics of the second-order Type-I imperfect integrator employed by a typical NASA
PLL is shown in Table 4. The loop parameters t; and 1, in (145) and (149) are calculated based
the PLL tracking loop bandwidth selected. Table 4 shows the values for the two-sided loop noise
bandwidth, 2B}, two-sided pre-detection noise bandwidth, 2B} pp, normalized gain constant K,

loop parameters t; and 1,.
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Table 4. Typical Type-I Imperfect Integrator Employed By NASA PLL

Tracking 2B L 2B LPD K T1 Ty
Mode (Hz) (Hz) (Sec) (Sec)
1.0 200 1340.9 33940.0 1.50
Narrow 3.0 200 1340.9 6510.0 0.50
10.0 2000 1340.7 339.4 0.15
30.0 2000 1340.7 65.1 0.05
10.0 2000 13409.3 3394.0 0.15
Wide 30.0 2000 13409.3 651.0 0.05
100.0 20000 13406.7 33.9 0.015
300.3 20000 13406.7 6.5 0.005

3.3.9.5  Lock Point and Definition of Loss of Lock of Type-I Imperfect Integrator PLL

It is assumed that the PLL is initially in lock with the phase of the desired signal, and the
RFI signal is subsequently injected into the receiver. Since the Type-I imperfect integrator is of a
lag-lead type filter, the PLL is a second-order loop, and consequently only one stable point in the
phase error region of (-rt, +m). In this same region, there also exists a single saddle point. Thus,
using the same argument in, the selected threshold for determining the loss of lock of a PLL is
7t/2. This threshold will be used in analyzing the loss of lock of a PLL using Type-I imperfect
integrator.

Eqn. (150) is simulated in Matlab and the results are presented in Figure 32, Figure 33,
and Figure 34. These figures show the simulation of the second-order Type-I imperfect integrator
PLL with SNR =16 dB, ISR = -15 dB, and initial phase offset & between the desired signal and
the reference VCO phase is set at m/4 radians. Figure 32 shows the tracking jitter settled down to
n/4 as expected. Figure 33 shows the difference of tracking error fluctuates around 0 radians, and
Figure 34 shows the PLL’s VCO phase starts at 0 degrees and it eventually locks onto the
incoming phase at /4 radians. When the initial phase offset, €, between the desired signal and
the reference VCO phase is set at 0 rad, and the phase offset between the RFI signal and the
reference VCO phase is set at /18 rad, Figure 35 shows that the PLL drops lock on the desired

signal phase at 0 degree, and it eventually locks on to the incoming RFI phase at /18 radians.
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SNR = 16dB,ISR = -15dB, Initial Phase Offset=pi/4 rads
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Figure 32. Tracking Phase Error as a Function of Time

3 T T T T T T T T

I
A
ARY
i

-4

Difference of Tracking Phase Error in Radians per seconds
o
\
—
\

0 1 2 3 4 5 6 7 8 9 10
Time, seconds

Figure 33. Difference of Tracking Error as a function of Time
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SNR = 16dB, ISR = -15dB, Initial Phase Offset = pi/4 rads
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Figure 34. Phase Plane Plot for a Typical PLL Using Type-1 Imperfect Integrator for ISR =
-15dB
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Figure 35. Phase Plane Plot for a Typical PLL Using Type-1 Imperfect Integrator for ISR =
25dB
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3.3.9.6  USB Carrier Signal Component Estimator

Figure 36 shows how to incorporate the simulation models for the carrier phase error,
described by equations (137), (139), (145), and (149), into the USB carrier estimator model to

generate an estimate of the received SATOPS command signal, S(t).

For Advanced NASA Type-I Second Order PLL :
1+7,5
F@=r————
1+ 708+ 708" + 7,8
where
S(1) T =TT T,
Tcy =TpcTy T 1T, + a7,y
Tes = Trchi?y
For NASA Type - I Imperfect Integrator Second Order PLL
1+7,5
F.(s)= 2
-
For Civil and commercial Type - Il second Order PLL :
F,(s)= [i + 12}"’”
s

For Civil and commercial Perfect Integrator Second Order PLL :

Fio=10
. 1
Required Input Parameters A P
i, (@15 = Larr Ghe i s i ) #(6) = V2 $InQAf 1 + O, (1)) S(t)=a\2 P, Jy(m)cosRr(f. + f,)t+6.)
Le,r (dB) = Loss due to transmitter's cable in dB
L,z (dB) = Loss due to receiver's cable in dB . -~
¢ =Speed of light in m/sec — Channel gain <

D = The distant from ground station tracking to the satellite in meters Estimator
A, = Transmitter antenna diameter in m*
Ay = Receiver antenna diameter in m* Transmitter  p_2() 4 High Pass Output
> Power Look —— VCO —>®—> : —
Ground Station Tracking ID —— | 4 Filter

Up Table
f, = Transmitted carrier frequency in Hz N _
¢ =Speed of light in m/sec N Doppler fa Veo(r) = “\/;,n (m)cos(27 [, 1)

v, =Satellite's speed in m/sec Estimator
v, =Ground station's speed in m/sec. This can assumed to be zero U S B Ca rrier EStl mator

Figure 36. Block Diagram of the USB Carrier Signal Component Estimator

3.3.10 RFI Signal Estimation and Prediction Models
3.3.10.1 Case 1: CW RFI Signal Estimation and Prediction Model

This section describes the CW RFI prediction models using the USB carrier signal
component estimator presented previously. Figure 37 presents a high-level block diagram for
extracting the CW RFI signal from the received signal, R(?). Recall the received signal at the
SATOPS satellite is:

R@#)=S@®)+1(t)+n(t)

St)=a+2P,. J,(m)cosQx(f. + f,)t+6.) (154)
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I(t)=J2P, cosQn(f. +Af)t+86,) (155)
where

n(t) = AWGN with two-sided powerspectraldensity of N, /2

In Figure 37, R(?) is defined as the estimate of the CW RFI signal at RF frequency in the
presence of noise and error signal caused by inaccurate estimate of the USB carrier signal, i.e.,
R, ()=1(t)+n()+e&()
where £(¢) is the error signal caused by in accurate carrier signal estimator due to RFI

e(t)=S(t)— SEt) = a 2P, J,(m)cos2a(f. + f,)t +6.) - a J2P.J,(m)cos2r(f, + ,{, )+ é(,) . (156)

Due to the RFI, the PLL may not provide an accurate estimate of the incoming carrier phase
signal. However, in practice, one knows the transmitted power, and can estimate the Doppler

frequency and channel gain factor fairly accurate, thus without loss of generality one can set:

r . (157)
The error signal becomes:
e(t)=v2P,J, (m)[cos(27z(fc + f)t+6.)—cosQr(f. + f,)t+ QC)}
(158)
Rewriting the error signal, one gets:
&(t)=-2 213R J,(m)| sin(2z(f, + f;)t + (61;61. ))sin [Q;@J
(159)
Down-converting the received signal, R,(z), signal to baseband signal, Rigg(?), one obtains:
Ry (1) =R, (8).2cos2x(f, + j:{'j N = \/Ecos(%rAf}t +6,)- 2};RJO(m)[sin(c9:)sin(c9;)]+ N'(t)
LPF , (160)
where
Afy =0 = Ja
0 = 6.+0,
2
0; — 0(,‘_9(:
2 (161)
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and
N'() = 2N, .N(¢) ’ (162)

where N(t) is the normalized AWGN with zero-mean and unit variance. For small tracking error,

one can approximate (160) as follows:

R, (t) = 2P, cosQQaAfit +6,) — M O () +N'(1)
(163)
where, for small PLL carrier phase tracking jitter, one can write:
T
O.(1) = [sin(0 )sin(@) |~ 6. (¢).sin(8, ); 6, <=
0=t | 2 (164)

Here, one has assumed that &, is a constant phase offset between the desired signal and the PLL

VCO’s phase, and that the PLL phase tracking error is small, such that 8, = 8, — 8, < 0 and

6, ~0,.
USB Signal
Estimation
Model
S(0)=ay2PJ,(m)eos R/, + f)+0)
CW RFI R = N R
R, (1) S0E e | 1(6) =2 B cosQa(f. + Af,)t+6,)
R(®) Prediction

) and Detection
Low Pass Filter Model
- Bandwidth = B p¢ ode
V2 cos@z(f. + f,)1)

R(t) = S(t) + I(t) + n(t)

Figure 37. Block Diagram for Extracting the CW RFI Signal from the Received Signal, R(t)

Figure 38 presents a proposed approach for CW RFI estimation, prediction and detection
model. The proposed approach estimates the CW RFI signal power first and uses its estimate for
estimating the CW RFI frequency. The estimated CW RFI frequency, along with the estimated
CW RFI power, is then used for the CW RFI phase estimation and detection. The details of these

steps will be described in the following sections.
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N

Reset B pr = Af,

CW RFI Estimation, Prediction and Detection Model

RBB (t)

CW RFI CW RFI

Low Pass Filter
Bandwidth = B ¢
Initial Bandwidth
Setting:

B pr =PLL
Tracking Loop
bandwidth B,

Rgp f%»

t=nTgamp .
TSamp = Sampling time
n=0,1,234,5

Frequency
Estimator

Detector

Af CW RFI
Phase
Estimator

CW RFI
Power =
Estimator P,

L CW RFI Signal
2 1;, cos2x(f. + A}C )+ é,)

RIBB (t)

Figure 38. Block Diagram for CW RFI Estimation, Prediction and Detection Model

Before getting into the detailed discussion of the CW RFI estimation, prediction and

detection models, it is noted that from (160), one observes that if the CW RFI frequency can be

estimated accurately, then the 3-dB cutoff bandwidth of the LPF is set exactly at Af; such that the

CW RFT signal is passed through it without distortion. If the 3-dB cutoff bandwidth of the LPF is

not known, the LPF’s bandwidth is set larger than the RFI frequency, Af;. Then, more noise is

allowed to pass through the filter, causing performance degradation in the “CW RFI estimation,

prediction and detection” model. The proposed approach to resolve this problem is described as

follow:

e Step 1: Set the initial LPF’s bandwidth BWpr, = By (PLL tracking loop bandwidth). Note

that in order to cause potential interference to SATOPS receiver, the RFI frequency Af;,

must be less than the PLL tracking loop bandwidth.

e Step 2: Perform the CW RFI signal power and frequency estimations to obtain the initial

estimate of the CW RFI signal power and frequency.

e Step 3: Use the estimate of the CW RFI signal frequency to reset LPF’s bandwidth

BWipr.
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e Step 4: One can repeat Steps 2 and 3 until the estimate of the CW RFI frequency Afj,
settles to a constant frequency and uses that frequency to set the LPF’s bandwidth BW pr.

3.3.10.1.1 Estimating the CW RFI Signal Power

A combined CW RFI signal power estimator and the RFI signal power-to-noise power
ratio estimator (INR) is shown in Figure 39. The proposed approach shown in Figure 39 has
assumed the signal properties do not change during the observation time. It calculates the
average power of all points received since the last reset. When signal properties change during
the observation time, the sliding-block discussed in Ref. [8] would be used to estimate the CW
RFI signal power.

CW RFI Power and INR Estimator

Top = Observation Time = Ny, Tsamp

RIBB (t)

LPF1
Center Frequency = 0
BW =B,

Power
Estimator

COS(27ypHZ‘) t=nTsamp ~
Tsamp = Sampling time . h
n=0,1,234,5,...Ng >

f, =4R,,Af, <B, <R, = | A
Center Frequency = 0 I;/:trilri:?sr e P
BW =B, 3,
TOb = NobTSamp R
INR

Figure 39. Block Diagram for CW RFI Signal Power Estimation

If one defines the carrier signal power-to-noise power spectral density ratio, CSNR,

interference signal power-to-carrier signal power ratio, ICSR, and the normalized baseband

signal Rigp(?), RizaN(?) as, respectively:

CSNR =

Py Jy (m)

0~ LPF

(165)

where the By pr is initially set at By. As described above, the optimum setting of By pr happens

when it approaches the true value of the CW RFI signal frequency:

P,

ICSR=—""_1—

Py Jg (m)
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R, (t
RIBBN (t ) = AIBB( )

2P Jy(m) (167)

Eqn. (163) can be rewritten in terms of CSNR and ICSR as follows:

[ (1 N(t)
Ry (1) =\ 2P, J, (m)[\/ﬁ.cos(ZﬂAf,t +6,) (2]@(@) + m} (168)
or
N (1 N()
Ry (1) = ICSR .cos 2t +6)) [ 2)‘(90 0+ J2CSNR

Note that in (165), Brpr is defined as the bandwidth of the LPF that is dependent on the RFI CW
signal frequency. As mentioned above, the initial LPF bandwidth will be set at the PLL tracking
bandwidth Bj.

The unknown power Py of the CW RFI can be estimated by using power estimator or by
taking the expected value of the square of the baseband signal Rigpn(?), (168). From Figure 39,

the output of the power estimator is found to be:

E[(RIBBN (t))2 ] R E[m.[COS(Zﬂ'Af]t +6, )] — [%)[64 (1)] + [N(t)] :|

J2CSNR (169)
1 1 P E[N(t)]z

(R ()] ]~ ICSR Elcos@arfi +0,)F + ( 4J.E [0.1] + 2CSNR (170)

Here
Elcos2afe+0,)F = 171)
Ele,0F =02 [in@ )] (172)

and

E[NOF =1 (173)

Note that we have assumed that & is a constant phase offset between the desired signal and the
PLL VCO’s phase. Hence sin(6,) is a constant between 0 and 1. Similarly, from Figure 39, the
output of the variance estimator is found to be:

1
2CSNR _ (174)

1 .
Var[(Rypy (0-cos@af, 1)), |~ (4}01 fsin(@)f +
The estimate of the CW RFI power is given by, from Figure 39:
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A

F = {2}% Jf(mﬂE[(R,BBN OF |- var(Ry 0)c0s27,07 ], = 2
(175)

As shown in Figure 39, the sampling frequency is Fsamp and the observation time 7, in seconds

1s defined as:

Nu
TOb :NohTSamp = F :
Samp , (176)

where N, is the number of samples during the observation time. The performance of the CW

RFI signal power described in (175) is given by:

2P, J? (m):|

Vm[g—;)i

Ki)ai .[sin(@(, )]z M 2C51’NR} N []\JI\UJB;L][I " AT [Sin(g" )]Z} . (177)

o

N,

o

Note that the factor is calculated using (79).

3.3.10.1.2 Estimating the CW RFI Signal Frequency

Since the CW RFI frequency is unknown, the proposed approach here is to estimate the
RFTI frequency before detection. Using (168), the normalized input signal of Rigg(?) to the “CW
RFI Frequency Estimator” shown in Figure 38 can be approximated as, taking into account of the

CW RFI power estimate:

Ry (1) =\ 2P, .cOSQ1 4 6,) + Ny (1), (178)

where the frequency, Af;, and phase, 4, of the CW RFI are unknown, and

" N(t 1) .
Niggy (1) =\ 2P J, (m), \/% _(Zj-sm(ec ):0,(t) |, 6. < %
. (179)
NiBan(?) can be characterized as AWGN with zero-mean and variance is given by:
Var[NIBBN (t)]: Ty = 2P; Jg(m){lsmz(a )07 + 1j|; 0. < z
4 7%  2CSNR <2 _ (180)

P72
= Frlo(m) Therefore, the
NoBL

P2
Note that the CSNR for this case is: CSNR = 22

NoBLpF

BrLpr=B]

interference signal-to-noise power ratio (ISNR) is given by:
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ISNR = b = b
Acw

2
s Nﬁ{H 2gﬁ@{

(181)

This subsection presents an approach to estimate the CW RFI frequency, Af;, at low ISNR
using iterative weighted phase averaging (iWPA) [9]. From Figure 39, the sampled signal
Rppn(n) is given by:

Ry (n) =2 P, .cosafyn+6,) + N g (1) . (182)

The corresponding unknown analog frequency Af; that is being estimated can be obtained from

the following relationship:

J
Af} = = FSampﬂ)

Samp , (1 83)
where Fsamp 1s the sampling frequency that is defined as in (176). The discrete frequency fy is

being estimated and can be written as:

fO:(L+A):ﬁ’

Loac
Nob Nub 2

N | =

) (184)
where Ny, is related to the observation time, Top, which is defined as in (176), L is the integer
part, and A is the fractional part of Ao, where Ao denotes the number of signal cycles contained in
the observation window. To understand the above notations, suppose that one observes a CW
RFI signal of frequency 32.5 Hz, i.e., Afi = 32.5 Hz, that is sampled at 128 Hz during 1 second
(N =128 samples). Then, f, = 32.5/128. In this case, Ao = 32.5 (the frequency cycles), L = 32,
and A=0.5.

Using the above notations, the Discrete Fourier Transform (DFT), X(k), of Rggn(n) at

spectral line & is given by, assuming the noise term is negligible:

X(k)= @ e’ W(( k=2, JJ + 25 o 10 W{[MJJ

2 Nob 2’ Noh (185)

where W(f) is the Fourier transform of the selected time-domain window. For instance,

considering a rectangular window of length N, we have:
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sin(N,, ) oA WD)

W(f)=
V)= sin(7f) . (186)

Since the frequency Af; of the CW RFI is far from the origin, f = 0, such that the leakage coming

from the negative part of the spectrum can be neglected, i.e.,

-]

2 N

ob (187)
The coarse estimate of the CW RFI frequency is performed by selecting its largest peak, i.e.,
" X(k
fOL'O(lVSE — Max{ argqN ( ))} — NL
ob ob (1 88)

The fine estimate of the CW RFI frequency is performed by estimating the fractional part A of A
using iWPA [9]. The DFT signal X(k) is divided into M non-overlapping segments of length P:

I I
R (n)=R_(n+IP), 0<n<Pl (189)

The spectrum of each segment is evaluated at the previously estimated fy:

A P-1 n
X,(f,)= 2R, (m)e D

n=0 . (190)

Substituting (182), assuming that the noise term is negligible and rectangular window, and taking

into account that f, = (N,, — A)/N,}, , one can show that:

\/ |:sm(7[AP/N0b):| e—j(ZﬂAP/NU,,)(Hl)

X(fO)_ sin(zA/N,,) (191)
The phase of X; ( fo) is given by:
g X)) =0, ~ 22 (141
ob . (192)

The frequency error can be estimated by:

e o |
arg X(fo) arg| X,(f,)
e . (193)

In the above equation, we have split the original register into two segments (P = N/2). The fine

A

frequency estimator is obtained using the following relationship:
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;ine L A
. (1 )

The block diagram for CW RFI frequency estimation is shown in Figure 40. The frequency

estimator described above approaches the Cramer-Rao lower bound at high SNRs, which is the

lowest variance that can be attained by any unbiased estimator. At high ISNR, the variance of the

above frequency estimator can be approximated as:

27PN, (N, -1)

Var(f(;’”e] ~ Alz[N”BL] {1 + Azcw [sin(@c )]Z}

(195)
P,
CW RFI Frequency Estimator
Ry, (n) =@ X (k) R Max[argQX (k))}
N,
Window Selection (W(f): "
Default W(f) is focome
Rectangular Window
Divided into M -
Non-Overlapping O A R }me
Segments of arg( I(f")j /s N, " fs
Length P 7'y
A
V2R, 0 %{arg(xl(m]—arg(xz(fo)ﬂ
A

R (1)

Figure 40. Block Diagram for CW RFI Frequency Estimation
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3.3.10.1.3 Estimating the CW RFI Signal Phase and Detecting the CW RFI Signal

This subsection describes a Maximum Likelihood CW RFI phase estimator and CW RFI
signal detector based on the approach presented in [10]. Figure 41 illustrates the proposed
approach by incorporating the CW RFI power and frequency estimates. From Figure 41, the
objective of the CW RFI phase estimator is to estimate the phase of the following CW RFI signal

by incorporating the power and frequency estimates:
Ry(0) =\ 2P, .cosQuAf; 1 +0,)+ Ny (1) (196)

where the phase, &), of the CW RFI are unknown, and the noise term Npn(?)is defined as in
(179). It can be characterized as AWGN with zero-mean and variance as defined as in (180).
Note that (180) can be rewritten as:
i = VN 1=V, | 145 5in* 0,0 0, <

2 Z, (197)
The CW RFI phase estimator described in Figure 41 can be implemented in digital domain using
a sampling frequency of Fs,mp and an observation time 7oy, in seconds. The 7oy is defined as in
(176). For this case, since the CW RFI frequency must be within the PLL tracking loop
bandwidth By, the sampling frequency must be sampled at the Nyquist rate, i.e.,

F, =2.B,

Samp

(198)
_Noy
* 2B, (199)
Again, N, is the number of samples during the observation time.
At high ISNR, the performance of the CW RFI phase estimator shown in Figure 41

approaches Cramer-Rao lower bound, which can be shown to have the following form:

6]

~
A

PN, (N, =1 (200)

2

w4 - Oy [1202N,, +12, N, (N,, =1+ 2N,,(N,, ~D@N,,, =D

where ny 1s the time #, at which the first sample is taken for the estimate of the CW RFI phase.

Here ¢, 1s defined as:

(201)
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CW RFI Detector
Ry (0

CW RFI Presence CW RFI Presence output:

™2 P, cos(2w Af, t+6,)

No RFI Presence

P - z 5
! \/;cos(erAf, t+6,)
Phase B
Modulator
20 | CW RFI Phase Estimator

V2 cos(2w A}”, 1)

;ﬁ N
fine >
1, 0,

)
V2R (O

A

V2 sin(2r A}, )

RBB (¢ ) Foum

Figure 41. Block Diagram for CW RFI Phase Estimation and RFI Detection

From [10], the false alarm probability as a function of the threshold detection value, v, can be

shown to have the following form:
4

Po=e 7 (202)
Solving (198) for the threshold value:
¥ =205, n[A.] (203)
where a4y is given by (197). Similarly, the probability of detection as a function of the

threshold detection value, y, can be shown to have the following form [10]:

P, = Q[ISNR, 7 ]

O By

(204)
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where ISNR is defined as in (181), and O(a, b) is the Marcum Q-function defined by:

Ola,b)= .Tze[zgajlo (az)dz
b ) (205)

By combining (198) and (199), one obtains the receiver operating characteristic (ROC) given by:

Plot of Eq. (202) is shown in Figure 42 with the detection interference SNR (ISNR) as a
parameter. For a given false alarm, the threshold detection value vy is chosen, using (203), to

achieve the desired probability of detection at a given ISNR.

N
S

Probability of Detection, Py

d2 = ISNR = Detection Interference SNR

False Alarm Probability, P

Figure 42. Receiver Operating Curve for the CW RFI Signal Detector Shown in Figure 41

3.3.10.2 Case 2: WB RFI Signal Estimation and Prediction Model

This section describes the WB RFI prediction models using the USB carrier signal
component estimator presented in the previous section. Similar to the CW RFI case shown in
Figure 37, Figure 43 shows a high-level block diagram for extracting the WB RFI signal from
the received signal, R(?).
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USB Signal
Estimation

S(0)=a 2B, J,(m)cos2( |+ 1) +6,)
WB RFI

= Lws (O =\ 285 d, (1) cosz(f, + At +6,)
Ry (1 Prediction

Low Pass Filt and Detection
OWw Fass Filter
) it = Model

2 cosQa(f, + fi+ fr)0) Bandwidth = By

Ry (1) = S@) + 1y, (1) + 1(2)

Figure 43. Block Diagram for Extracting the WB RFI Signal from the Received Signal,
Rwa(t)

The received signal at the SATOPS satellite in the presence of WB RFI is given by:
Ryy(6)= SO+ L (0) +1(0) 207)
where S(t) and n(?) are defined as before, and the WB RFI is defined as:
L5 (1) = J2P, d, (t) cosRr(f. + Af. )t +6,) . (208)
Again, in Figure 43, Rywg(?) is defined as the estimate of the WB RFI signal at RF frequency in
the presence of noise and error signal caused by inaccurate estimate of the USB carrier signal,
1.e.,
Riys (1) =Ly (1) + (1) + £(1) (209)
where €(t) is the error signal caused by inaccurate carrier signal estimator due to RFI, which is

defined in (159). Down-convert the received signal Rywg(?) signal to baseband signal Riwgg(?),

one obtains:

Riypss (1) =Ry (£).2cos2r(f, + f;)t = \/ﬁd, (t)cos(2mAft +0,)— 21;RJ0(m)[sin(9;)sin(9;)]+ N'(t)
. (210)

Similarly, for small tracking errors, one can approximate (209) as follows:

Roua (0 = 2, (6052 +0) - 22 o (0 3
, (211)
where Af;, 6.(¢) and N’(?) are defined as in (161), (162) and (164).
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Figure 44 shows an approach for WB RFI estimation, prediction and detection modeling.
The proposed approach estimates the WB RFI signal power first and uses its estimate for
estimating the WB RFI data rate (hence bandwidth of the WB RFI signal). These estimates are
then used for the estimation of WB RFI frequency. The estimated WB RFI frequency along with
the other estimates is then used for the CW RFI phase estimation and detection.

Similar to CW RFI case, the 3-dB cutoff bandwidth of the low pass filter (LPF) must set
according to the RFI signal bandwidth (or RFI data rate Ry) such that the WB RFI signal can pass
through without distortion. Since the 3-dB cutoff bandwidth of the LPF is not known at the
beginning, the following steps are proposed to address this issue:

e Step 1: Set the initial LPF’s bandwidth BW pr, = Brcx, where Brex is the SATOPS
receiver bandwidth. This bandwidth is set based on the 99% power containment
bandwidth. As an example, for uncoded bit rate of 2 kbps, the minimum subcarrier
frequency recommended by CCSDS is 8 kHz. For this case, the subcarrier frequency-to-
bit rate ratio “n” is 4. The CCSDS Recommendation 4.2.2 recommends that the 99%
power containment bandwidth for this case is 16R;, for modulation index “m” from 0.8
radians to 1.2 radians. For this case, Brcx 18 set at 16R;, and that the CW RFI bandwidth
can be assumed to be less than 16R,, for uncoded system. For coded system, it is 16R;,
where R is the symbol rate.

e Step 2: Perform the WB RFI signal power and WB RFI data date estimations to obtain
the initial estimate of the WB RFI signal power and bandwidth.

e Step 3: Use the estimate of the WB RFI signal bandwidth to reset LPF’s bandwidth
BWrpr.

e Step 4: One can repeat Steps 2 and 3 until the estimate of the WB RFI data rate, R,

settles to a constant data rate and uses that data rate to set the LPF’s bandwidth BW,pk.
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A

SetBpr =R, A

Jlﬁ: L
i 'RIBB (n)

Low Pass Filter t=nT
Bandwidth = Bype S0

WB RFI d(t)
and Data Rate
Estimator

WB RFI Signal

L

d, (n) WB RFI
Detector

2P, d,(1)cos2r(f. + AL )i +6,)

T = Sampling|time
Initial Bandwidth n=0122345 Ry 5 ()
Setting:
B pr = SATOPS A
Receiver WB RFI
Bandwidth Frequency Af]
Runss () Estimator
- WB RFI
WB RFI Phase
Power " Estimator
Estimator " 4
P, P

WB RFI Estimation, Prediction and Detection Model

Ry (1)

Figure 44. Block Diagram for the WB RFI Estimation, Prediction and Detection Model

3.3.10.2.1 Estimating the WB RFI Signal Power

A combined WB RFI signal power estimator and the WB RFI signal power-to-noise
power ratio estimator (INR) is shown in Figure 45. Similar to the CW RFI case, the proposed
approach shown in Figure 45 has assumed the signal properties do not change during the
observation time. It calculates the average power of all points received since the last reset. When
signal properties change during the observation time, the sliding-block discussed in Ref. [8] is
used to estimate the WB RFI signal power.

The carrier signal power-to-noise power spectral density ratio, CSNR, interference signal
power-to-carrier signal power ratio, ICSR, and the normalized baseband signal Rwgg(?),

RiwsBN(?) as, respectively:

CSNR,, = D /o)
" NoBW pr , (212)

where the BWpr is initially set at Brcx. The optimum setting of BWy pr happens when it

approaches the true value of the WB RFI signal bandwidth:

Approved for public release; distribution is unlimited.

81



and

RIBB (t )

cos(27f, J
fu =16R,

A

ICSR,, =—1

RI

Py J5(m) (213)
Ry (1)
RIWBBN ®= %
2P, J o (m) (214)
Ry (6) ~JICSR,,, d, (£)cos(2aAf i +6,) (lj@) )+ O
IWBBN ~ wB %1 1 1) | 7 [Fe_wB T o
2 2CSNR,,, ’ (215)
where 8, 15(t) denotes the tracking phase error in the presence of wideband RFI.
WB RFI Power and INR Estimator
Tob = NobTSamp
LR Power
Center Frequency = 0 Estimator
BW = 16R,
RFI Signal o
t=nTgamp Power " P,
Reset LPF BW to T el e 4
WB RFIAData Rate nszarr(')r” 1,2.3,4,5, ... Ny,
(AssumeRl < ]6Rb) T, = Observation Time
Tob = NobTSamp
LPF2 - : /\ 1;
Center Frequency = 0 : P A>‘ INR = 21
BW = 16R, Estimator  IZ\Cs R,
Assume SATOPS Receiver Bandwidth = 16R, > IZ\AIR

Figure 45. Block Diagram for the WB RFI Power Estimation

Note that in (212), BWypr is defined as the bandwidth of the LPF that is dependent on the

RFI CW signal bandwidth. As mentioned above, the initial LPF bandwidth will be set at the

SATOPS receiver bandwidth, Brcx. Note that Brex is initially set at 16R;, for uncoded SATOPS

systems. For this case, the CW RFI bandwidth is assumed to be less than 16R,,.

The unknown power P; of the WB RFI can be estimated by using power estimator or by

taking the expected value of the square of the baseband signal Rywgpn(?), Eqn. (215). From

Figure 45, the output of the power estimator is found to be:
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El Ry O |+ £ ISR, -[cos(sz,r+0,>]—@~[®cng]w%}

(216)
and
Ry (0 |5 ICSR,5 E[d, (1) cosrt+6,)] +( 4}E[®0WB“)] "2CSNR 17)
Here,
Eld, (t)cos2nf,t +0)] :% (218)
Eo.0f =o, , [sin@)f (219)
E[NOT =1 ’ (220)

where JVZVB_Qe is calculated using (81). Note that one has assumed that 0. is a constant phase

offset between the desired signal and the PLL VCO’s phase. Hence, sin(6.) is a constant between
0 and 1. Similarly, from Figure 45, the output of the variance estimator is found to be:

1

1 .
Varl(Ryy (0).cos@,0)f |11 | (4}0;3% fsin@ )} +
The estimate of the CW RFI power is given by, from Figure 45:

P = {ﬁk 7 (m)}E[(R,mN O |- Var[( Ry 0)-cos@t,00F ], |~ P
. (222)

From Figure 45, when the observation time is No,7'samp, the performance of the WB RFI signal

power estimator described in (222) can be shown to be:

2R (m)}
Var[P,) - [Hlj.aém [since ) + ! } _[v.5,] [1 4+ Bus [sin(o_ )]2}

N, 4 2CSNR,,, N, 2

. (223)
Note that the factor, Awg, is calculated using (82).

3.3.10.2.2 Estimating the WB RFI Signal Frequency

Similar to CW RFI case, the WB RFI frequency is unknown and the proposed approach
is the identical the CW RFI case with a slight modification. Figure 46 shows a block diagram for
the WB RFT signal frequency estimator. The input signal Rywgg(n) to the “CW RFI Frequency

Estimator” shown in Figure 38 can be approximated as:

Approved for public release; distribution is unlimited.

&3



Ryypy () =2 P,.d, (t) cosRafyn+6,) + N 5, (1) ,

where the frequency, Af, di(n) and phase, 6, of the CW RFI are unknown, and

N gy (1) = 2};R Jo (m)[J% —(;}Sil’l(@ ).6, (I)J, 0. <%

From Figure 45, the minimum sampling time, 7samp, at Nyquist must be set at:

qo__ 11
S 2(16R,)  32R,

where Nwgpn(?) is AWGN with zero-mean and variance is given by:

. 1 . 1
Var[NIWBBN (t)] = GIZWBBN =2F; J(f (m)|:4 sin’ (6. )‘GVZVB,@

The CSNRyp for this case is:

_PR‘]g(m)

NO BWLPF BW, p-=B16R, 16 NO Rb .

CSNR,,, =

+ e
2CSNR,,

}; 0. <

T

2

(224)

(225)

(226)

(227)

Therefore, for WB RFI case, the Interference Signal-to-Noise Power Ratio (ISNR) becomes:

A N

ISNR,, =—1— - £

2

T sy 16N0hRB[1 + A;B sin’ (6, )}

(228)

Again, Ny, is the number of samples selected during the observation time 7o, (see Eqn. (176)).

The factor Awg is calculated using (82).
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2.20) WB RFI Frequency Estimator
R,..(n
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Remove D Window Selection (W(f): 2
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I O N
2 N N .
2R () 2;2 {arg(Xl (fn)j—arg(Xz(fo)ﬂ
Ryyp5 (1)

Figure 46. Block Diagram for the WB RFI Signal Frequency Estimator

If one ignores the noise term in (224) for a moment, and process only the WB RFI signal
using the proposed frequency estimator approach shown in Figure 46, one can show that:
Ry (n) =\2 P, .cos2z (2 fy)n +6,) (229)

The corresponding unknown analog frequency Af; that is being estimated can be obtained from

the following relationship:

g, =2l o F

SampJ 0

Samp 5 (230)
where Fmp 1s the sampling frequency that is defined as in (226). The discrete frequency fy is

being estimated can be written as:

2%:2M22£’_13A31
N, N, 2 2

(231)
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Similar to CW RFI case, the value of N,y is related to the observation time, 7oy, Which is defined
as in (176), L is the integer part, A is the fractional part of Ay, and A denotes the number of
signal cycles contained in the observation window. One can go through the remaining signal
processing steps shown in Figure 45 and show that the coarse estimate of the WB RFI frequency

is performed by selecting its largest peak, i.e.,

focaa:seiWB :Max|:arqu(k)):| _ ZL

Now (232)

ob

Similarly, the fine estimate of the WB RFI frequency is performed by estimating the fractional

part Awg of A¢. It can be shown to have the following form:

. N . . .
Aws = 2.{—”b[arg(Xl (fo)) - arg(Xz(fo)jﬂ =2A
27l . (233)

From Figure 45, the fine frequency estimator can be shown to be identical to the case for CW

RFI, i.e.,

fﬁn;m_l[zL+2 A ]_Lw
e w8 _ _

2| N, N N,
v " (234)
By substituting (234) into (230), one obtains the estimated WB RFI frequency as follow:
) ine L+A
Af, = FSamp f()f - = FSamp' A7
Nub
(235)

The performance of the proposed WB RFI frequency estimator shown in Figure 46 is expected to
be worse than the CW RFI frequency estimator due to the increase of the noise power caused by

the squaring processing of the signal.

3.3.10.2.3 Estimating the WB RFI Signal Phase and Detecting the WB RFI Signal

This subsection modifies the Maximum Likelihood CW RFI phase estimator and CW
RFI signal detector presented in the previous section for CW RFI case. Figure 47 presents the
modified approach. From Figure 46, the signal objective of the CW RFI phase estimator is to
estimate the phase of the following CW RFI signal by incorporating the power and frequency

estimates:
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RWBB(t) ~ 2};1 d[A(t) d[(t) COS(27Z'A~}[ t+ 91) + NWB(t) (236)

where the phase, &), of the CW RFI are unknown and the noise term Nwg(?) is defined as:

Niys(t) = d (N gy (1) (237)
The noise term expressed in (236) can be characterized as AWGN with zero-mean and variance

is defined as in (197). If one assumes that the estimated wideband data d, (t) is synchronized

with di(2), then one can approximate the product d, (t)d, (t) as:

d,A(t) d,(O)=d] () =1 (238)

Using the above approximation, one can write (235) as:
RWBB(t)z 2P].COS(2ﬂ'Aflt+0])+NWB(l‘). (239)

Using (238), one can show that the signal Rp(?) is identical to CW RFI case. The performance of
the proposed WB RFI phase estimator and WB RFI detector shown in Figure 47 is expected to
be worse than the CW RFI frequency estimator due to the increase of the noise power caused by
the timing synchronization error between the incoming WB RFI and the estimated WB RFI of
the signal. When the timing synchronization error is negligible, one can characterize the
performance of the phase estimator and signal detector using the CW RFI analytical models

presented above.
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WB RFI Detector

Ryp (1)

B Ry py ()= 21;, cos(2 Af, t+6,) Yes WB RFI Presence output:
Phase > (2P, d,(t)cos(2r Af; t+6,)
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V20) WB RFI Phase Estimator
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RWBB (Z ) V2 cos(2z Af, 1)
f Uﬁ " N ;
d ()9

0 V2 sin(27 Af, 1)

2Ry, ()

RIWBB (t ) Fup

Figure 47. Block Diagram for WB RFI Phase Estimation and RFI Detection

3.3.10.2.4 Estimating the WB RFI d,(t) and Data Rate

Figure 48 describes the proposed estimator for estimating the WB RFI data stream dj(?)
and data rate R;. From the figure, the signal Ry, (t) is found to be:

Rd, (0= RBﬁPM (1)-R 5 ()
R, (1)=2P, d,(t)cos(27m Af, t+0,)cos(2x Af, t +6,) + Noise Term (240)

Equation (240) has assumed that P, = P;. If one assumes that Af; ~ Af; and 8, =~ , then (240)

becomes:

R, (t)=F d,(t)+ P d,(t)cos(4m Af,  +26,) + Noise Term (241)
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From Figure 48, the output of the LPF is found to be:

R, (t)=Fd,(1)+ Noise Term

(242)
The input to the hard-limiter shown in Figure 48 becomes:
R, (0)=d () + 22T
P, . (243)
The noise-term in (143) is characterized by (225). It can be shown that:
Var[ N01seATermJ _ [NOZfRCX]{I N A;B [sin(@c‘ )]z:l
F b : (244)

where Brcex 1s the SATOPS’ receiver bandwidth, and it is initially set at 16R}, for uncoded
SATOPS systems. From Figure 438, the output of the integrator is Ry, (T)) given by, assuming

NRZ data format with estimated bit duration, T’,, for the WB RFI data stream:

R, (T))=*1+N,(T))

(245)
where one can show that N, (7)) is an AWGN with zero-mean and variance:
A
o = M{Hﬂ[sm(e | )]2}
Ny P T 2 C
[ (246)

Again, the factor Awg is calculated using (82).
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Figure 48. Block Diagram for WB RFI Data Stream and Rata Rate Estimation

From Figure 48, the estimate of the WB RFI data stream d(t)is derived from Eqn. (245),

Le.,

) R, (T;))>0—>+1
dl(t): dIN(A])

Rdm(T,)<O—>—1_ (247)
The error of the estimate is characterized by the bit error rate (BER) of the estimated WB RFI
data stream. From (245), Ry, (’T’,) is a Gaussian random variable with zero-mean and variance is
given by (246). One can show that the BER for the estimated WB RFI data stream, BERwg R,

has the following form [11]:

dz
BERW87M1 =Q[ = J

4.0°
M s (248)

where 01\2, ; is the variance of the noise N; (T,), and dp;i, 1S the minimum Euclidian distance

between the binary bits +1 and -1, which is 2. Substituting dp,;, = 2 into (248), one gets:
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1
BERWB_RFI = QL J
O

Ni

, (249)
where Q(x) is defined as:
0= e = Lare)

2= 2 . (250)
As shown in Figure 48, the integration time of the integrator is controlled by the WB RFI timing
synchronizer, and the timing synchronization error can cause potential degradation in the
estimate of the WB RFI data stream. If one assumes that the digital transition tracking loop
(DTTL), shown in Figure 49, is used to track the WB RFI timing clock, then the WB RFI timing

clock error for a first-order loop (i.e., F(s) =1) is found to have the following form [12]:

&1
2 6{1+4+2E,}
or=—L —

A 2
2p,(1 - ‘/’Zj
v, (251)
where

(o) o

A =-~——+% = Normailze timing error;-z <A< 3
T, (252)
E, = P, T, = WB RFIBit Energy (254)

P = b DTTLLoop SNR; B,,;, = DTTLloop bandwidth in Hz

NoBprr, ) (255)

The timing clock jitter is given by:

[
o, =T o} (256)

where o7 is given by (251) and T} is the estimate of the WB RFI bit duration that is generated by
the WB RFI data rate estimator. As shown in Figure 48, the data rate estimator estimates the WB
RFI data rate, and hence the WB RFI bit duration T}, from the power spectral density (PSD)
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estimator. Following is the discussion on the WB RFI PSD and data rate estimators (and hence

WB RFI bit duration T)).

() P— F(S) X

(k+%)TA, +;

[ Oar (1_%)T1

*-55)7 42

f

S

T,

Figure 49. Block Diagram for WB RFI Synchronizer

Figure 50 illustrates the block diagram for the WB RFI PSD and data rate estimators.
Similar to previous sections, the signal R, (t) is sampled at sampling Ts,mp and the observation
time Ty, is defined by (176). Auto-correlation function, 74,4, (k) , is computed using the sampled
signal Ry, (n). The input signal to the DFT (Discrete Fourier Transform) block, shown in Figure

50, is calculated using the following relationship:

n==N, /2 N

r, ()= YR, (MR, (n—k);k=0,£1,+2,+3,.+ 5
! n=—Nopy /2+1 . (257)

The PSD function of the signal, Ry, (1), is computed by taking the DFT of the auto-correlation

function given by (257), and it is given by:
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PSD(/)| _, = PSD()=DFTY, , (k)}
Tab
Nyp—1 _i2x )
PSD(kE)= 3 1y, (me {74.) Yk = 041,42, .+ e
2 (258)

For NRZ data format, the discrete PSD of a WB RFI is found to be:

2
(7T,
T2 Sm( /TOIJj Nob

PSD(k) = 1 L k=04142, +
T, (ﬂk]; ) 2
T,
° . (259)

The plot of (259) is shown on the bottom left corner of Figure 50. As shown in Figure 50, the

spectral spacing of PSD(k) or frequency resolution is defined in terms of the observation time in

sec, Top, as:

Frequency Resolution = 1

T . (260)

R, ()————>0" j 1 ) .o ‘ D i, Min:Chufr
diy
orrelation [AE Points

t= nTSamp

Tsamp = Sampling time

n=0,1,23,4,5,...Ng
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WB RFI PSD Estimator N
PSD Plot: Psp,(n1 |
7 o 7 Distant Between it"
T, ’ Minimum Points: R, (i)
Nimin Minimum Points > éz
R, ()
o ,. WB RFI Data

Rate Estimator

Nl
NN =

T

=~

It Minimum Points

Figure 50. Block Diagram for WB RFI PSD and Data
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It is important to note that the sampling time Tmp must be fast enough to accurately
capture the WB RFI spectrum. For the case of interest, the CW RFI bandwidth is assumed to be
less than 16Ry,. Thus, the minimum sampling frequency, Fs, must be at the Nyquist rate, i.e.,

Fy,p = 32R,, - (261)

From (261), the required number of samples of PSD(k) or the observation data point, Ny, within
the observation time, T, is found to be:

N,=F, T,=—2 -3RT,

Samp™ob —

Samp . (262)
The WB RFI data rate can be estimated using the nulls (zero-points) of the PSD curve. Since the
WB RFI signal is corrupted by the additive noise, sampling noise and quantization noise, the
zero-points might be shifted and raised above zero. The proposed algorithm to estimate the WB
RFI data rate for this case is illustrated in Figure 50. The algorithm searches for the minimum
points, say within the observation time 7. There would be Ny, points. If one assumes that the
¢

i™ zero-point is shifted by & and (i-1)™ zero-point is shifted by &.;, then the distance between the

i™ minimum point and the (i—l)th minimum point is calculated using the following equation:
e (olren) ;g apaa.,

Rl(i) = T T B
; ; . (263)

Note that in the absence of noise, i.e., & = &i.; = 0, and (263) represents a true estimate of the WB
RFI data rate. Due to the presence of noise, &; # €;.; # 0. The WB RFI data rate can be estimated

using the following equation:

. (N =D
K :(le—l) &40 (264)
The estimate of WB RFI data bit duration is given by:
okl
MR ekl (265)

As mentioned earlier, the timing synchronization error can cause potential degradation in the
estimate of the WB RFI data stream. It is of interest to assess the impacts of the timing error on
the estimate of WB RFI data stream. The effect of timing error on the BER performance of the

estimate of WB RFI signal can be modeled by observing the following cases:
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e Case 1: If two successive (rectangular) bits are identical, an incorrect bit reference will
have no effect on the bit error probability; and

e Case 2: If two successive bits differ, the magnitude of the expected correlator output is
reduced by a factor: (1 — 2|A]), where A is the normalize timing error, i.e.,

.. &E—¢&
Timing Error _( j T

* Data Bit Duration T, T, (266)
Based on the above observation, the conditional probability of WB RFI bit error in the presence
of timing error can be shown to have the form:

Py J(E/2)= %Q{%}+%Q{% [1—2|,1|]}

Ny Ny

(267)
The Probability Density Function (PDF) of the WB RFI timing error A in the presence of AWGN

for the proposed DTTL synchronizer can be characterized by a Tikhonov distribution, namely,

A - s
27y (Pyp_er)

<1
, (263)
where
1
Pwp-rer =3
%1 (269)
Here, Uf is given by (251). The average BER for the estimate of the WB RFI data stream in the
presence of imperfect timing recovery becomes:
P
BERWB—RFIﬁTiming = | By, (E/ AP, (A)dA
Ee : (270)
where Py 5_;(E/A) and P;(A) are given by (267) and (268), respectively.

3.3.11 USB Link Budget Models for Assessing SATOPS Performance

This section provides a detailed description for the USB link budget model, shown in
Figure 9, for estimating the received signal power Py at the satellite receiver and assessing

impacts of RFI on the USB command system performance. The link budget model described
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below is for the uplink command SATOPS models. These models consist of two key
components:
e Link margin model for carrier tracking, and

e Link margin model for command demodulation.

3.3.11.1 Link Margin Model for Carrier Tracking

The link margin model, LM ,yier, for the carrier tracking is given by:

LM, (dB)= EIRP(dBm)+G.(dBi)— [g] (dB)
reqd

—kTW.(dBm) - L (dB) - L,(dB) — ML, (dB) @71

where EIRP is the transmitted signal power expressed in Effective Isotropic Radiated Power
(EIRP) expressed in decibel-milli-Watts (dBm); antenna gain, G, is in decibels referenced to
isotropic gain (dBi); (C/N),qa is the required carrier-to-noise power for a specified tracking loop
bandwidth, By; kT W., the maximum thermal noise power, is in decibel-miliwatts (dBm) and is
given in terms of the Boltzmann’s constant, k, the system temperature, 7, and the carrier loop
bandwidth, W;; Ly(dB) is the space loss in dB; Ly is the circuit loss plus weather loss plus
scintillation loss plus degradation due to RFI plus other losses; and ML (dB) is the carrier

modulation loss expressed in decibels.

3.3.11.2 Link Margin Model for Command Demodulation

The link margin model, LM_,q, for the command demodulation is given by:

E,

LMW,(dB)=EIRP(dBm)+G,(dBi)—£ ) (dB)— R(dB-bits/s)
reqd

0

—«T (dBm/Hz)— L (dB)— L,(dB)— ML_(dB) 272)

3

where all the parameters are defined as before except (Ey/No)reqd 1s the required bit SNR for a
specified command BER (bit error rate); ML (dB) is the command modulation loss expressed in
decibels; and

R(dB — bits / sec) =101og|[R, ] (273)

Recall that Ry, is the command bit rate in bits/second.

Approved for public release; distribution is unlimited.

96



For both link budget models, the space loss, Ly(dB), can be calculated using (110), and the EIRP
can be calculated using the following equation:

EIRP(dB) = P,(dB)+ G, (dB)— Feed _Loss(dB) (274)
where P(dB) is the transmitted power in dB, Feed Loss(dB) is the antenna feeder loss in dB,

and G1(dB) is the transmitted antenna gain in dB, and it is given by:

Dry [,

G,(dB) =10log (17, ) + ZOlog[—j
C

(275)
where 714 1s the transmitted antenna efficiency, Dty is the transmitted antenna diameter, and /¢ is
the transmitted carrier frequency, and c is the speed of light. In the following subsections, the
weather loss, scintillation loss, degradation due to RFI, and the carrier modulation loss will be

discussed in detail.

3.3.11.3 Weather Loss in USB SATOPS Systems

The weather effect at S-band is almost negligible. Specifically, the attenuation due to dry
atmosphere and water vapor is almost 0 dB. In addition, Table 5 shows the rain attenuation
computations for 2 GHz and 3 GHz at various values of annual probability. The values in the
table were computed assuming that the polarization is circular, elevation angle is 15°, the
satellite orbit is 180° W, the city is Tampa, Florida, which has the highest rain precipitation in

the U.S., and the Crane rain region is E.
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Table 5. Rain Attenuation Loss in dB Calculated for 2GHz and 3 GHz

Annual Percent Rain Attenuation (dB) Rain Attenuation (dB)
Of Time Frequency = 2 GHz Frequency = 3 GHz
0.1 0.02 0.04
0.8 0.02 0.05
0.6 0.02 0.06
0.5 0.02 0.07
0.4 0.03 0.07

3.3.11.4 Scintillation Effects in USB SATOPS Systems

SATOPS communication links at S-band can be subject to the effects of ionospheric
scintillations, which are principally related to the occurrence of F-layer irregularities.
Scintillations cause both enhancements and fading of signal about the medium level as the signal
transits the disturbed ionospheric region. When scintillations occur that exceed the fade margin,
performance of the communications link will be degraded. This degradation is most serious for
propagation paths that transit in the auroral and equatorial ionospheres. The degree of
degradation will depend on how far the signal fades below the margin, the duration of the fade,
the type of modulation, and the criteria for acceptability. Table 6 and Table 7 show the signal
losses computed at 15° and 10° elevation angles for transmitted frequencies of 2.06 GHz and 1.8

GHz.

Table 6. Signal Losses Due to Scintillation for 15° and 10° Elevation Angle at 2.06 GHz

Annual Percent Signal Loss Due to lonospheric Scintillations (dB)

of Time, p (%)

Elevation Angle O, = 15°

Elevation Angle 0, =10°

0.05 22.9 36.5
0.10 19.5 31.6
0.50 11.5 19.5

Table 7. Signal Losses Due to Scintillation for 15° and 10° Elevation Angle at 1.8 GHz

Annual Percent

Signal Loss Due to lonospheric Scintillations (dB)

of Time, p (%) Elevation Angle O, = 15° Elevation Angle Og;, =10°
0.05 29.1 45.8
0.10 25.1 39.8
0.50 15.2 25.0
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3.3.11.5 Degradation Due to RFI for USB SATOPS Systems

Sections 3.3.5, Section 3.3.6, Section 3.3.7, Section 3.3.8 and Section 3.3.9 above have
devoted the modeling of impacts of RFI on the second-order PLL. The carrier SNR (C/Ny) and
bit SNR (Ey/Np) degradations can be calculated using the analytical models presented in those

sections.

3.3.11.6 Modulation Losses for USB SATOPS Waveforms

From (1), the modulation losses for USB standard waveforms, which use PCM/PSK/PM
commanding signals and PCM/PM-Biphase commanding signals modulated on the carrier, can

be shown to have the following forms, respectively:

(1) PCM/PSK/PM USB SATOPS waveform:

P rrier
ML, == = J ¢ (m)

5 (276)
P
MLcmd = . = 2‘]12 (m)
B 77)
(2) PCM/PM-Biphase USB SATOPS waveform:
P. .
MLC — _ Carrier _ J(? (m)
B (278)

v

MLcmd = CPMD = ZJ]Z(m)
T ; (279)

where m is the modulation index, Pcayier (Or P) 1s the power in the carrier component, and Pcyvp
is the power in the command signal component.

As mentioned at the beginning of this section, the channel gain “a” also can be estimated
from the link budget model described above. From (162), the channel gain “a” can be estimated
from the received signal power, Pg, at the satellite transponder, and Pr can be estimated using

the following relationship:
P, = EIRP(dBm)+ G (dBi) — kT.W.(dBm) — Ly(dB) — L,(dB) (280)

where
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Ly(dB) =L, (dB)+ Lc,x(dB) + Ay, (dB)

L, (dB) = Loss due to atmospheric (including scintillation) in dB

L z(dB) = Loss due toreceiver's cable in dB

Ay (dB) = Degradation due toRFIin dB . (281)
The degradation due to RFI, Arpi(dB), can be calculated using the analytical models presented in
Section 3.3.7.

3.3.11.7 Optimum Transmitted Signal Power for USB SATOPS Waveforms

The communications designer can use the framework described in Section 3.2 and the
algorithms presented in this section and Section 3.3 to estimate the optimum transmitted signal
power, Pt opr, to maintain a required USB SATOPS Quality-of-Service (QoS) in the presence of
both friendly and unfriendly RFI sources. The optimum transmitted power can be calculated

using the following relationship:

B o, (dB)=LM,,(dB)+ (ﬂ] + R(dB —bits/s) + ML, ,(dB) - G, (dBi)
reqd

0
+ kT W (dBm)+ Ly(dB) + L,(dB) — G, (dB) + Feed _Loss(dB) (282)
where the USB SATOPS QoS is specified through the required bit SNR (Ep/No)reqa 1 through the

parameter Ly(db) described in (281).

4 RESULTS AND DISCUSSION
4.1  RFI Detection and Prediction Model Integration

Our approach was to leverage existing RFI analysis tools that were available in public
domain. The team developed a web-based graphical user interface (GUI) for the RFI modeling
and prediction tool with the following capabilities:

e Predict USB SATOPS carrier acquisition time consisting of frequency and phase
acquisition,

e Predict USB SATOPS carrier tracking performance, and

e Predict USB SATOP command BER performance in the presence of AWGN, continuous
wave or wideband RFI, and imperfect carrier tracking caused by AWGN and continuous

wave or wideband RFI.
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To develop the web-based GUI, the team employed the following programming technologies:
e Java scripting for front-end data handling;
e (C-programming to handle the common gateway interface (CGI) interactions (including
data entry checking for increased security);
e Develop and implement Matlab codes for evaluating:

o Carrier acquisition time consisting of frequency and phase acquisition,

o Carrier tracking performance,

o Command BER performance in the presence of AWGN, continuous wave or
wideband RFI, and imperfect carrier tracking caused by AWGN and continuous
wave or wideband RFI.

The web-based GUI for the RFI modeling and prediction tools include features such as double
precision, data verification routines to catch user errors on input, and a default feature case that
requires minimal user input. Figure 51 shows a screen-shot of the web-based GUI for the RFI

modeling and prediction tool.

4.2 IFT SATCOM Tool Integration

This section describes the integration of the RFI prediction and detection models
presented in the previous sections into the [FT SATCOMM tool. The IFT tool has been
developed based on the open source Jsattrak with Java. The integration consists of the following
steps:

e Design the menu items to call the display functions of various analysis and simulation
results from various CW RFI and WB RFI models, including RFI prediction, SATOPS
command carrier acquisition and tracking performances, and SATOPS command BER
performance.

e Design a graphical user interface, which is user friendly and functional, including a
display of SATOPS system setting, and corresponding analytical and simulation results.

The programming languages required to perform the integration task include Java for front-end

data handling in Netbeans.
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Figure 51. RFI Modeling and Prediction Tool Integration

Figure 52 shows the overview of IFT SatComm tool integrated with the RFI prediction
and detection models. One can see that the menu item “IFT_SatComm” includes the “BER and
Tracking error” and “Acquisition Time analysis”, which are the key components in the RFI

detection and prediction models described earlier.
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Figure 52. IFT SatComm Tool Integrated With RFI Prediction Results

Figure 53 demonstrates the SATOPS command BER performance in the presence of
AWGN, RFI signal and imperfect carrier tracking loop. On the other hand, Figure 54 shows the
PLL carrier tracking error performances under no RFI and RFI scenarios. The RFI scenarios
include continuous wave RFI and wideband RFI. One can see that in the display window, it has a
test area displaying the information of system setting. One will be able to switch between BER

results and the carrier PLL tracking error by the buttons.
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Figure 53. BER Performance With CW RFI or WB RFI and Imperfect Carrier Tracking
Loop

Figure 54. Tracking Error Results Under No RFI and CW RFI or WB RFI Scenario
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Figure 55 and Figure 56 show the display for the acquisition time performances under
CW RFI and WB RFI, respectively. The display window includes a test area displaying system
setting information and the switch buttons. For the acquisition time performance analysis, there
are four figures in the windows: (1) relationship between SNR and loop SNR, (2) frequency
acquisition time as a function of loop SNR, (3) phase acquisition time as a function of loop SNR,

and (4) the total acquisition time of the carrier tracking loop as a function of loop SNR.

Figure 55. Acquisition Time Result Under CW RFI
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Figure 56. Acquisition Time Result Under WB RFI

4.3 Verification and Validation of RFI Detection and Prediction Tools

The analytical models for RFI detection and prediction, which were derived and
discussed in Section 3.3, were implemented in MATLAB for verification and validation (V&V)
purpose. These models were tested and verified for various operating scenarios to ensure the
accuracy of the performance prediction of a typical USB SATOPS command system. Figure 57-
Figure 60 depict the impacts of CW and wideband RFI signals on the second order PLL
acquisition performance, respectively. In particular, they compare the carrier acquisition times
without RFT and in the presence of RFI as functions of loop SNR for the following cases:

e Signal carrier frequency = f. = 2075 MHz,

e m = command modulation index = 1.1 rad,

e The threshold carrier jitter ¢ =n/2 rad,

e (Command bit rate = R, = 2 kbps, and

e Interference-to-signal power ratio = ISR =-10 dB and -40 dB.
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Figure 57 shows the assessment of PLL acquisition performance in the presence of CW RFI at
ISR =-10 dB. The plots of loop SNR versus received SNR without RFI and with CW RFI are
shown on the top left of Figure 57. The plots of carrier frequency acquisition times as functions
of loop SNR without RFI and with CW RFTI are shown on the top right of Figure 57. The plots of
carrier phase acquisition times as functions of loop SNR without RFI and with CW RFI are
shown on the bottom left of Figure 57. As expected, the acquisition time increases due to the

presence of CW RFL

Figure 57. Plots of Total Carrier Acquisition Times Versus Loop SNR Without RFI and
With CW RFI
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Figure 58 provides results for the assessment of the PLL acquisition performance in the
presence of WB RFI at ISR = -10 dB. The plots of loop SNR versus SNR without RFI and with
WB RFI are shown on the top left of Figure 58. The plots of carrier frequency acquisition times
as functions of loop SNR without RFI and with WB RFI are shown on the top right of Figure 58.
The plots of carrier phase acquisition times as functions of loop SNR without RFI and with WB
RFI are shown on the bottom left of Figure 58. The results show that the acquisition time

increases due to the presence of WB RFI.

Figure 58. Plots of Total Carrier Acquisition Times as Functions of Loop SNR Without
RFI and With WB RFI at ISR =-10 dB
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Figure 59 provides the assessment of PLL acquisition performance in the presence of CW
RFI at ISR = -40 dB. The plots of loop SNR versus SNR without RFI and with CW RFI are
shown on the top left of Figure 59. The plots of carrier frequency acquisition times as functions
of loop SNR without RFI and with CW RFTI are shown on the top right of Figure 59. The plots of
carrier phase acquisition times as functions of loop SNR without RFI and with CW RFI are
shown on the bottom left of Figure 59. The results show that the total acquisition time

degradation is negligible when the CW RFI interference -to-signal power ratio, ISR, is at -40 dB.

Figure 59. Plots of Total Carrier Acquisition Times as Functions of Loop SNR Without
RFI and With CW RFI
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Figure 60 presents the assessment of PLL acquisition performance in the presence of WB
RFI at ISR = -40 dB. The plots of loop SNR versus SNR without RFI and with WB RFI are
shown on the top left of Figure 60. The plots of carrier frequency acquisition times as functions
of loop SNR without RFI and with WB RFI are shown on the top right of Figure 60. The plots of
carrier phase acquisition times as functions of loop SNR without RFI and with WB RFI are
shown on the bottom left of Figure 60. Similarly, for WB RFI, the numerical results show that
the total acquisition time degradation is negligible when the ISR is at -40 dB.

Figure 60. Plots of Total Carrier Acquisition Times as Functions of Loop SNR Without
RFI and With WB RFI at ISR = -40 dB
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Figure 61 shows plots of PLL tracking jitter in the absence of RFI and with both CW and
WB RFI signals as functions of loop SNR with Afrp; =5 Hz, m = 1.1 rads, Gmargin = 2 deg, Ry,.= 2
kbps, ISR =-10dB, R;.= 10 bps, BL.= 10 Hz. The plots show that the tracking performance of the
PLL in the presence of CW RFI is worse than WB RFI under the specified operating conditions.

Figure 61. Plots of PLL Tracking Jitter in the Absence of RFI and Presence of CW and WB
RFI Signals as Functions of Loop SNR With Afrg =5 Hz

Figure 62 shows plots of PLL tracking jitter in the absence of RFI and with both CW and
WB RFI signals as functions of loop SNR with Afgr; = 10 Hz, m = 1.1 rads, Gmarein = 2 degs, Rp.=
2 kbps, ISR =-10 dB, R;.= 10 bps, BL= 10 Hz. The plots show that the tracking performance of
the PLL in the presence of CW RFI is still worse than WB RFI under the same operating
conditions. For this case, the plots show that the carrier tracking performance of the WB RFI is
better than the previous case for Afgpr = 5 Hz. This is expected, since the RFI is moving away

from the center carrier frequency.
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Figure 62. Plots of PLL Tracking Jitter in the Absence of RFI and Presence of CW and WB
RFI Signals as Functions of Loop SNR With Afgg = 10 Hz

Figure 63 and Figure 64 depict the BER performance due to AWGN and RFI signal as
functions of loop SNR taking into account carrier synchronization loop. Figure 63 shows plots of
BER performance in the absence of RFI and with both CW and WB RFI signals as functions of
loop SNR with Afgpr = 5 Hz, m = 1.1 rads, Gmargin = 2 degs, R, = 2 kbps, ISR =-10 dB, R; =10
bps, B = 10 Hz. The plots show that the BER performance of the PLL in the presence of CW
RFI is worse than WB RFI under the same operating conditions.

Figure 64 shows plots of BER performance in the absence of RFI and with both CW and
WB RFI signals as functions of loop SNR with the same operating conditions shown in Figure
63, except with Afgpr = 10 Hz. The plots show that the BER performance of the PLL in the
presence of CW RFI is still worse than WB RFI under the same operating conditions. But when
compared to this case with Figure 63, the plots show that the BER performance of the WB RFI is
better than the previous case for Afgpr = 5 Hz. As pointed out earlier, this is as expected, since

the RFI is moving away from the center carrier frequency.
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Figure 63. Plots of BER due to RFI for Both CW RFI and WB RFI Signals as Functions of
Loop SNR With fgg =5 Hz

Figure 64. Plots of BER due to RFI for Both CW RFI and WB RFI Signals as Functions of
LOOp SNR With frg =10 Hz
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5 CONCLUSIONS

This report presented the work done by the Catholic University of America (CUA)
research team, which included North Carolina State University (NCSU) and Intelligent Fusion
Technology (IFT) on radio frequency interference (RFI) modeling and prediction. The team
accomplished research objectives and completed the six tasks described in our proposal.

The survey results showed that the proposed RFI detection approach using a SATOPS
receiver’s carrier synchronizer presented in this report is original. The CUA team conducted
research on more than 6 RFI tools. We leveraged existing tools for incorporating the RFI
detection and prediction. We developed a framework and models to assess the impacts of RFI on
SATOPS USB systems.

An innovative framework was developed by the CUA team with an intention to provide a
unified approach to address the RFI challenges for USB SATOPS. We described the framework
for the RFI tool development, RFI detection and assessment, and RFI prediction. The RFI tool
development framework provided detailed description of the tools and models required for
detecting, predicting and assessing RFI signals on USB SATOPS command systems. The RFI
detection framework described how to incorporate the SATOPS receiver’s carrier synchronizer
in the detection of CW and WB RFI events. The RFI assessment framework presented a unified
approach for evaluating the impacts of CW and WB RFI sources on USB SATOPS command
systems. The RFI prediction framework addressed a unified approach for estimating and
predicting the characteristics of CW and WB RFI sources. It is worth mentioning that the
framework is applicable to both satellite communications and satellite operations.

The team developed analytical and simulation models to evaluate the carrier acquisition
and tracking performances of practical USB SATOPS command systems in the presence of CW
and WB RFI signals. The impacts of the RFI signals on the carrier synchronizer were used in the
detection of the RFI events. We described an approach to accurately predict the RFI interfering
time duration using the carrier synchronizer and assessed the impacts of the carrier performance
degradation of the synchronizer on the command BER performance. Advanced signal processing
algorithms to estimate, predict and characterize the CW and WB RFI signals were described in
detail along with analytical models to describe the estimators’ performance. The characteristics

of the RFI signals estimated and predicted by our team’s proposed algorithms included RFI
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power, RFI carrier frequency, RFI phase, and RFI bandwidth. In summary, the key RFI

analytical and simulation models that were developed under this task included:

Models to predict USB SATOPS carrier acquisition time in the presence of CW/WB RFI.
The acquisition time consists of frequency and phase acquisition.

Models to predict USB SATOPS carrier tracking performance.

Model to predict USB SATOP command BER performance in the presence of AWGN,
CW/WB RFI, and imperfect carrier tracking caused by AWGN and CW/WB RFI.
Models to predict RFI duration by monitoring carrier synchronizer.

Model to detect RFI events by monitoring carrier synchronizer.

Models to estimate, predict, and characterize CW RFI signals.

Models to estimate, predict, and characterize WB RFI signals.

Models to estimate the optimum transmitted USB SATOPS command signal power to
maintain a required USB SATOPS quality-of-service (QoS) in the presence of CW and
WB RFI signals.

This report described the team’s approach to integrate the analytical and simulation

models developed in Task #3 into existing RFI tool developed by The Aerospace Corporation.

The newly integrated RFI tools have new capabilities including: (i) predict USB SATOPS carrier

acquisition time consisting of frequency and phase acquisition, (ii) Predict USB SATOPS carrier

tracking performance, (iii) predict USB SATOP command BER performance in the presence of
AWGN, CW/WB RFI, and imperfect carrier tracking caused by AWGN and CW/WB RFI, (iv)

predict RFI duration by monitoring carrier synchronizer, and (v) detect RFI events by monitoring

carrier synchronizer. Currently, only capabilities (i), (i1) and (iii) were verified and validated.

We presented the key software integration results obtained by the team for Task #5. We

discussed how the integrated RFI Tool developed in Task #4 were incorporated into existing

Intelligent Fusion Technology SATCOM tools to display the RFI detection and prediction

results. Screen-shots of how the tools display the RFI results for USB SATOPS command

systems were provided. Currently, the team only incorporated three capabilities into the

Intelligent Fusion Technology SATCOM tool, including prediction of USB SATOPS carrier

acquisition time consisting of frequency and phase acquisition, prediction of USB SATOPS

carrier tracking performance, and prediction USB SATOP command BER performance in the
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presence of AWGN, CW/WB RFI, and imperfect carrier tracking caused by AWGN and
CW/WB RFI.

We provided a summary of the team’s approach for Task #6 on the verification and
validation of the analytical and simulation models developed in Task #3. The following models
were verified and validated by the team: (i) models to predict USB SATOPS carrier acquisition
time consisting of frequency and phase acquisition, (i1) models to predict USB SATOPS carrier
tracking performance, and (iii) models to predict USB SATOPS command BER performance in
the presence of AWGN, CW/WB RFI, and imperfect carrier tracking caused by AWGN and
CW/WB RFI.

In conclusion, the team successfully developed a unified framework to address the RFI
modeling and prediction challenges by incorporating effects of RFI on the satellite receiver’s
carrier synchronizers, and sophisticated analytical and simulation models to thoroughly evaluate
the impacts of CW and WB RFI signals on the USB SATOPS command system. The team also
developed advanced signal processing algorithms to estimate/predict/characterize CW and WB
RFTI signals. Using RFI modeling and prediction models developed by this research effort, a
communications designer can:

e [Evaluate effectiveness of the existing USB SATOPS command waveforms employed by
civil, commercial and military SATOPS ground stations;

e Predict the impacts of RFI on USB SATOPS command systems;

e Characterize both friendly and unfriendly RFI sources; and

e Estimate the optimum transmitted signal power to maintain a required USB SATOPS

Quality-of-Service (QoS) in the presence of both friendly and unfriendly RFI signals.

6 RECOMMENDATIONS

Currently, we have not yet fully incorporated all of the analytical and simulation models
that have been developed into the existing RFI tool and IFT SATCOM tool. We have only
incorporated the models to estimate and predict:

(1) USB SATOPS carrier acquisition time in the presence of CW/WB RFI,

(i1)  USB SATOPS carrier tracking performance, and
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(ii1)  USB SATOPS command BER performance in the presence of AWGN, CW/WB
RFI, and imperfect carrier tracking caused by AWGN and CW/WB RFL.

To effectively address the RFI challenges on the USB SATOPS systems, we recommend

incorporating the following models into the existing RFI tool and IFT SATCOM tool:

Models to predict RFI duration by monitoring carrier synchronizer,

Models to detect RFI events by monitoring carrier synchronizer,

Models to estimate, predict and characterize CW RFI signal,

Models to estimate, predict and characterize WB RFI signal, and

Models to estimate the optimum transmitted USB SATOPS command signal power to
maintain a required USB SATOPS Quality-of-Service (QoS) in the presence of CW and
WB RFI signals.

The focus of this research project was on the USB SATOPS carrier synchronizer. It is anticipated

that the influences of the RFI signals on the command subcarrier synchronizer and symbol

timing synchronizer are non-trivial, and they should also be incorporated into the detection of the

RFI events and prediction of the RFI signals. We recommend investigating the following

research topics:

USB SATOPS subcarrier and timing acquisition time in the presence of CW/WB RF],
USB SATOPS subcarrier and timing tracking performance,

USB SATOPS command BER performance in the presence of imperfect
subcarrier/timing tracking caused by AWGN and CW/WB RFI,

Prediction of RFI duration by monitoring subcarrier/timing synchronizers, and

Detection of RFI events by monitoring subcarrier/timing synchronizers.
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LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS

3G Third Generation Cellular

4G Fourth Generation Cellular

8PSK 8-Phase Shift Keying

16QAM 16-Quadrature Amplitude Modulation
a Channel Gain

ACI Adjacent Channel Interference

AEHF Advanced Extremely High Frequency
AFSCN Air Force Satellite Control Network
AGI Analytical Graphics, Incorporated
AWGN Additive White Gaussian Noise
Bacg-nL Acquisition Mode Loop Bandwidth
Bpr Loop Bandwidth

BER Bit Error Rate

BL Loop Bandwidth

Bracq Acquisition Loop Bandwidth

Bip Loop Bandwidth Perfect Loop Filter
BPF Band Pass Filter

bps Bits per Second

Brex SATOPS Receiver Bandwidth

c Speed of Light

CCI Co-Channel Interference

CCSDS Consultative Committee for Space Data System
CDMA Code Division Multiple Access

CDU Command Detector Unit

CGlI Common Gateway Interface

C/ Carrier to Interference Ratio

CMM Carrier Modulation Mode
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C/Ny

Carrier to Noise Ratio

cos Cosine

CSNR Carrier Signal Power-to-Noise Power Spectral Density Ratio
CSNRws Wideband Carrier Signal-to-Noise Power Spectral Density Ratio
CUA Catholic University of America

Cw Continuous Wave

dB Decibel

dBi Decibel Relative to Isotropic Gain
dBm Decibel relative to a milli Watt

DC Direct Current, 0 Hz

DFT Discrete Fourier Transform

DTTL Digital Transition Tracking Loop

Eb Energy per Bit

EIRP Effective Isotropically Radiated Power
Eq., Eqn. Equation

fe Carrier Frequency

FCC Federal Communications Commission
fa Doppler Frequency Shift

FOV Field of View

JTRFI RFI Frequency

F Sampling Frequency

Famp Sampling Frequency

Jse Sub-carrier Frequency

Sun Frequency Uncertainty

GBS Global Broadcast Service

GCN Ground Communications Network
GMSK Gaussian Minimum Shift Keying

G; Antenna Gain
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GTS Ground Tracking Station

GUI Graphical User Interface

Hz Hertz

ICSR Interference Signal Power-to-Carrier Signal Power Ratio
IF Intermediate Frequency

IFT Intelligent Fusion Technology

INR Interference Power to Noise Ratio

IPC Interference Protection Criteria

ISR Interference to Signal Ratio

ITU International Telecommunication Union
Twg(t) Wideband Interference Signal

iWPA Iterative Weighted Phase Averaging

Jo, J1 Bessel Function, First Kind

JPL Jet Propulsion Laboratory

kbps Kilo Bits per Second

kHz Kilo Hertz

LMcarrier Link Margin Model for Carrier

LNA Low Noise Amplifier

LPF Low Pass Filter

LSNR Loop Signal to Noise Ratio

m Modulation index

MHz Mega Hertz

ML Maximum Likelihood

n Bit Rate Ratio

NASA National Aeronautics and Space Administration
NCC Network Control Center

NCSU North Carolina State University

No Noise Power
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Nob Observation Samples

NRZ Non Return to Zero

NTIA National Telecommunications and Information Administration
P, Pearier Power in Carrier

PCM Pulse Code Modulation

Pcevip Power in Command Signal

PCS Pulse Coded Signals

PFD Power Flux Density

P Interference Power

PLL Phased Locked Loop

PM Phase Modulation

PRF Pulse Repetition Frequency

PSD Power Spectral Density

PSK Phase Shift Keying

Pt Transmit Power

Pr Total Transmitted Power

O(a,b) Marcum Q-function

QoS Quality of Service

QPSK Quadrature Phase Shifted Keying

Rad, rad radians

Ry Bit rate in bits per second

RF Radio Frequency

RFI Radio Frequency Interference

Ri(?) Received Signal

RiBg(t) Received Signal, Baseband

Riax(t) Received Signal, Baseband

Riws(t) Received Wideband Interference Signal
Riwss(t) Received Baseband Wideband Interference Signal
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RL Radio Loss

ROC Receiver Operating Characteristic

Rs Bit rate in bits per second

s Laplace Variable, jo

SATCOM Satellite Communications

SATOPS Satellite Operations

SCC Satellite Control Center

SCN Satellite Control Network

SGLS Space-to-Ground Link Subsystem

sin Sine

SNR Signal to Noise Ratio

SPW Signal Processing Workstation

STK Satellite Tool Kit

Tucq Carrier Frequency Acquisition Time

T Bit Duration in Seconds

TDRSS Tracking and Data Relay Satellite System
TF Time Factor

Tob Observation Time, in Seconds

Thacq Carrier Phase Acquisition Time

T Bit Duration in Seconds

Ts Sample Period

TT&C Tracking, Telemetry, and Command

USB Unified S Band

VCO Voltage Controlled Oscillator

WB Wideband

W-CDMA Wideband Code Division Multiple Access
WiFi Local Area Wireless Computer Networking Technology
WiMAX Worldwide Interoperability for Microwave Access
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Afe RFI frequency offset from the desired carrier frequency
&) Error Signal

n Antenna Efficiency

K Boltzmann’s Constant
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